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ABSTRACT
Nearly all cellular maintenance functions rely on DNA-protein interactions. 
Several techniques exist for mapping DNA-protein interactions in living cells on a 
genome-wide scale using high-throughput sequencing.  Each of these methods is specific 
for a class of DNA-protein interactions.  Although when combined, these methods 
provide a high-resolution picture of the chromatin landscape in vivo, there is no one 
method is capable of providing information on protein binding at each nucleotide in the 
genome in a single experiment.      
Hydroxyl radical footprinting is a classic method for determining DNA-protein 
interactions.  Use of the hydroxyl radical in DNA structure determination has been 
limited to the study of relatively small DNA fragments.  The recent development of high-
throughput DNA sequencing technologies now makes it possible to increase the scope of 
this method to the scale of an entire genome.  Presented here is the development of a 
technique for genome-wide mapping of oxidative damage to genomic DNA in the yeast 
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Saccharomyces cerevisiae that results from exposure to hydroxyl radicals in vivo. 
Sequencing libraries have been prepared through careful optimization of each step in the 
methodology.  This technique will have numerous applications in decoding the structural 
biology of the genome. 
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Chapter 1: Introduction
1.1 DNA-protein interactions in biological systems
Nearly all cellular maintenance functions (repair, replication, transcription, etc.) 
rely on DNA-protein interactions.  It is well accepted that a detailed description of DNA-
protein interactions is key to understanding these functions (Grewal et al., 2007).  While 
the general mechanics of numerous cellular maintenance processes are known, many fine 
scale aspects remain elusive.  There are dynamic processes that cause chromosomal 
rearrangements and changes in gene expression that result from numerous factors, 
including environmental stresses and stage in the life cycle   These changes in the 
chromosomal landscape are largely dictated by DNA-protein interactions.  
1.1.1 Nucleosomes
Genomic DNA in eukaryotic chromosomes is carefully packed into specific 
arrangements by nucleosomes.  Nucleosomes are composed of a histone octamer, 
consisting of two copies each of the H2A, H2B, H3 and H4 proteins (Richmond et al., 
1984).  The nucleosome core particle wraps approximately 147 base pair-long portions of 
genomic DNA in 1.67 left handed turns (Luger et al., 1997).    The region between two 
adjacent nucleosomes ("linker regions") can vary in length, but is generally no greater 
than 80 base pairs long (Felsenfeld et al., 2003).  These linker regions constitute free 
DNA which is accessible to a variety of DNA modifying factors.  
Studies of nucleosome binding have shown that the underlying DNA sequence 
2generally dictates nucleosome positioning (Tief et al., 2009).  X-ray crystallography 
studies have shown that the wrapping of DNA is stabilized by DNA-protein interactions 
as well as by hydrogen bonding and water-mediated interactions (Davey et al., 2002). 
While nucleosomes can assemble with a variety of different DNA sequences in vitro, 
some sequences have been found to be preferential for nucleosome binding (Segal et al., 
2006).  AA/TT/TA repeats are commonly associated with higher affinity for nucleosome 
binding as a result of their increased flexibility (Isohikhes et al., 2011).    
The spatial arrangement of nucleosomes in genomic DNA has been found to be 
highly variable even within species (Felsenfield et al., 2003).  Nucleosome rearrangement 
has been observed to occur as a result of low sequence affinity, the binding of protein 
cofactors (either competitive or cooperative), and the influence of ATP-dependent 
chromatin remodelers (Shivaswamy et al., 2008; Teif et al., 2009).  Rearrangements often 
are achieved through nucleosome sliding, which has been linked with differential gene 
expression in mammalian tissues (Bargaje et al., 2012).
Nucleosome location within the genome is important for the regulation of gene 
expression.  Regions with lower nucleosome occupancy are generally those being 
actively transcribed.  Genes located within these regions, called euchromatin, tend to 
have higher occupancy by transcription factors and the gene expression machinery (Li et 
al., 2007).  Regions with high nucleosome occupancy, called heterochromatin, are 
generally much more densely packed and not actively expressed. 
1.1.2 Transcription factors 
Gene expression is controlled and directed by transcription factor binding (Struhl, 
31999).   Transcription factors are proteins that bind to specific DNA sequences (within 
promoter or enhancer regions) and control the expression of genes (Latchman et al., 
1997).  Transcription factors are often characterized by the specific ways in which they 
bind to particular DNA sequences.  Many transcription factors recognize multiple DNA 
binding sequences that have differential  binding specificity and affinity (Ernst et al, 
2010).  It has been observed that transcription factors with multiple binding sites/motifs 
will bind selectively to a given DNA sequence, depending on tissue type (Moens et al 
2006), development stage (Wheaton et al 1996) or environmental factors (Shamovsky et 
al 2008).  It is clear that DNA sequence alone is not sufficient to describe the dynamics of 
transcription factor binding and cellular regulation in a biological system.  The 
mechanisms that dictate transcription factor binding affinity are still being investigated. 
Elucidation of these processes is key to understanding many aspects of cellular function 
in vivo.  
1.1.3 Project goal
One step in understanding the complex processes involved in cellular maintenance 
involves a detailed description of DNA-protein interactions in vivo, including those of 
both nucleosomes and transcription factors.  Current methods are not able to elucidate all 
types of DNA-protein interactions with a single experiment.  While there are many 
methods available for determining in vivo DNA-protein interactions, there is not currently 
a method for mapping all DNA-protein interactions on a genome-scale with a single 
experiment.  More commonly, such studies involve multiple separate experiments and 
integration of different methodologies.  The requirement for multiple experiments to 
4determine genome-wide DNA-protein interactions has been shown to result in a high 
amount of false-positive results in the data, making accurate analysis difficult (Garner 
2011).  For a comprehensive understanding of genome-wide DNA-protein interactions a 
method to probe DNA-protein interactions at each nucleotide with a single experiment 
must be developed.  The successful development of such a technique will increase 
efficiency, accuracy and scope of DNA-protein interaction mapping as compared to 
existing technologies.           
1.2 Current methods of studying DNA-protein interactions 
1.2.1  Chromatin immunoprecipitation mapping of DNA-protein binding
 Chromatin immunoprecipitation coupled with high-throughput sequencing (ChIP-
seq) is one method of mapping genome-wide DNA-protein interactions in vivo that is in 
widespread use is (Johnson et al., 2007).  In this methodology, bound proteins are cross-
linked to genomic DNA (Figure 1.1).  The DNA is then fragmented and antibodies 
specific to a particular protein are used to isolate portions of the genome that have been 
cross-linked to the protein of interest.  The cross-links are reversed and sequencing 
libraries are prepared from the resulting DNA.  
There are two drawbacks with this approach.  First is the amount of information 
that can be achieved at each nucleotide within the DNA-protein binding region, also 
known as the resolution of the experiment.  Resolution is limited by the length of the 
DNA fragment being sequenced.  While one is able to tell that the protein was bound 
within that fragment, detailed information about binding interactions cannot easily be 
5
6determined using this technique.  Recent procedural advancements include digestion of 
cross-linked DNA-protein complexes with lambda exonuclease (Rhee et al., 2011).  This 
step removes excess DNA that remains on the ends of protein cross-linked fragments, but 
is not bound to the protein.  This methodology results in a much tighter binding region 
being sequenced and a marked improvement in resolution.   
The second drawback of ChIP-seq is that only one protein can be studied per 
experiment.  Antibodies must be obtained specifically for a particular protein, or 
purchased commercially.  That makes this an effective but tedious and costly method of 
mapping the vast number of DNA-protein interactions that occur on a genome-wide 
scale. 
1.2.2 Microccocal nuclease mapping of nucleosome occupancy
        Another widely used method focuses on obtaining the locations of nucleosomes 
within the genome.  This method involves the digestion of linker regions between 
nucleosomes with micrococcal nuclease (MNase).  Cleavage of the two linker regions 
flanking a nucleosome provides a segment of DNA which, when sequenced, reveals the 
location of that nucleosome within the genome (Figure 1.2).  MNase functions as a 
single-strand nuclease that is thought to cleave one strand of the DNA helix as it breathes, 
and subsequently cleaves the second strand.  These strand breaks are then used to produce 
sequencing libraries.  Nucleosome-bound regions, as well as regions bound by other 
proteins, are resistant to MNase.  Treatment of genomic DNA with MNase in vivo has 
yielded high resolution information on nucleosome positioning.     
This method suffers from similar drawbacks as ChIP-seq.  First, there is a lack of 
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8structural resolution.  While the location of nucleosomes within the genome can be 
mapped with single-nucleotide resolution with this method, structural details of DNA 
contacts within the nucleosome core particle cannot be directly obtained.  MNase-seq 
experiments are limited by the relatively large size and DNA strand cleavage affinity of 
MNase.  The maps provided using this method are limited to regions which can be 
cleaved by MNase.  These regions do not include those within the DNA-protein binding 
site, and are instead limited to regions flanking the binding site.  Until very recently, the 
second drawback of this method was its scope.  However, developments in the MNase-
seq protocol involving cross-linking of DNA and proteins prior to MNase treatment has 
resulted in high-resolution maps of non-nucleosome DNA-bound proteins as well 
(Lefevre et, al 2006).  These methodologies must still be coupled with an analysis such as 
ChIP-seq in order to determine the identities of non-nucleosome DNA-bound proteins.  
1.2.3 Deoxyribonuclease I (DNase I) and Formaldehyde Assisted Isolation of 
Regulatory Elements (FAIRE) mapping of open chromatin regions
Regions of open chromatin are often sites of high gene expression.  DNA 
elements involved with active transcription are known to be highly sensitive to 
deoxyribonuclease I (DNase I).  Careful digestion of eukaryotic nuclei with DNase I 
results in DNA strand breaks in open chromatin regions (Thurman et al, 2012). Portions 
of the genome that are bound by nucleosomes or other proteins are much less susceptible 
to cleavage.   The fragments of DNA resulting from DNase I treatment are used to 
produce sequencing libraries.  These libraries produce high-resolution maps of open 
chromatin regions within the genome (Crawford et al., 2006).  
9Another method for mapping open chromatin associated with gene regulatory 
regions is Formaldehyde Assisted Isolation of Regulatory Elements (FAIRE-seq) (Giresi 
et al., 2007).  This method involves first exposing cells to formaldehyde, which causes 
cross-linking between DNA and bound nucleosomes.   Following cross-linking, genomic 
DNA is sheared by sonication.  The fragmented DNA is then separated into protein cross-
linked and free (non-protein cross-linked) DNA by phenol-chloroform extraction. 
Protein cross-linked DNA partitions into the organic layer, and free DNA remains in the 
aqueous layer.  The DNA in the aqueous layer is then converted into a sequencing library. 
This library, when sequenced, provides a high-resolution map of nucleosome depleted 
regions within the genome (Simon et al., 2011).  
These two methods (DNase-seq and FAIRE-seq) of mapping open chromatin 
regions are complementary to each each other. DNase-seq is often not very effective in 
locating distal regulatory elements due to a lack of DNase I sensitivity in such regions 
(Prabhakar et. al. 2013).  FAIRE-seq is not a sequence specific mapping method, so distal 
regulatory regions can be accurately mapped using this method.  FAIRE-seq, however is 
very sensitive to DNA-protein interactions.  Regions of open chromatin that are bound to 
transcription factors or other regulatory proteins can be cross-linked in the same manner 
as DNA-nucleosome complexes.  These regions of open chromatin then behave as if they 
are nucleosome bound, giving an inaccurate view of the open chromatin landscape. 
Regions that are inaccurately characterized using FAIRE-seq can be detected by 
comparison to  DNase-seq data, which does not display this type of bias (Song et al., 
2011).    
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1.2.4 Limitations of current methods for determining DNA-protein interactions 
using DNA sequencing
A major limitation in identifying genome-wide DNA-protein interactions using 
current methodologies is the limited extent of genome coverage that is observed.  Typical 
coverage for ChIP-seq experiments is less than 10% of the genome.  This is due in part to 
the specific nature of the structural probe being used. Each protein being studied by 
ChIP-seq requires a specific probe, resulting in numerous experiments being necessary 
for a comprehensive picture of the DNA-protein binding landscape.  While DNase-seq, 
MNase-seq and FAIRE-seq use probes that are less specific, these methods are dependent 
on either enzyme recognition sequences (DNase-seq, MNase-seq) or DNA-protein 
interactions (FAIRE-seq).  This limits their potential for genome-wide mapping to a 
relatively small portion of the genome.   
1.3 Hydroxyl radical footprinting
When combined, the methods described above for the determination of the 
chromatin landscape give a detailed picture of transcription factor binding sites, locations 
of nucleosomes, and regions of open chromatin associated with cellular regulatory 
functions.  These methods, while each quite accurate in determining their specific 
elements (i.e. ChIP-seq determining transcription factor binding sites), are not able to 
provide a comprehensive view of the entire chromatin landscape in a single experiment. 
Each method described has specific target elements defined by the reagents used to study 
the DNA landscape, and therefore is limited in the types of structural elements that can be 
determined.  These targeted DNA-protein structure probes, while able to provide single-
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nucleotide resolution data within specific regions, are not able to map DNA structure at 
every nucleotide.  Fine-scale structure and DNA-protein interactions on a genome-wide 
scale require a method of structure determination that is capable of providing 
accessibility data at every nucleotide along the genome.    
One such method of non-targeted chemical probing of DNA structure and DNA-
protein interactions is hydroxyl radical footprinting.  Hydroxyl radical footprinting is a 
valuable tool for investigating general DNA structure as well as protein-DNA interactions 
both in vitro and in vivo.  Similar to the DNase-seq and MNase-seq methods of chromatin 
structure determination described above, hydroxyl radical footprinting is able to detect 
regions of DNA-protein interactions as a result of protection of DNA from the structure 
probing molecule by the protein.   
Analysis of hydroxyl radical footprints in conjunction with x-ray structures of 
DNA-protein complexes has provided detailed footprint signatures of well-known DNA-
protein interactions, including the lambda repressor and nucleosomes (Ottinger et al., 
2000); Churchill et al., 1990).  Until recently, however, the scope of this method was 
limited by the resolving power of denaturing polyacrylamide gel electrophoresis (PAGE) 
(Maniatis et al., 1975). Effective resolution of individual nucleotides using denaturing 
PAGE requires that the DNA fragment of interest be no longer than several hundred base 
pairs in length.  The development of high-throughput sequencing technologies removes 
the DNA length barrier imposed by denaturing PAGE and allows for DNA structure 
determination on a genome-wide scale using the hydroxyl radical as a probe.
1.3.1 Hydroxyl radical as a chemical probe
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Two distinct advantages of the hydroxyl radical as a chemical probe to determine 
DNA structure are its small size and lack of sequence specificity.  The size of the 
hydroxyl radical allows for direct observation of relative solvent accessible regions in 
DNA in solution (Balasubramanian et al. 1998).  Observation of the hydroxyl radical 
footprint of DNA allows for structural determination at single nucleotide resolution. 
Previous work in the Tullius laboratory pioneered the use of the hydroxyl radical for the 
determination of nucleic acid structure and protein binding.  Hydroxyl radicals are 
generated via a modified Fenton reaction or by γ-irradiation of the surrounding water 
molecules.  The hydroxyl radicals generated abstract solvent-accessible hydrogens along 
the DNA molecule,  resulting in single strand breaks (Figure 1.3).  The collection of SSBs 
create a footprint of the structure-dependent solvent accessibility of the DNA.  
DNA-protein interactions decrease solvent accessibility of the DNA backbone, 
therefore decreasing the number of single-strand breaks that occur as the result of 
hydrogen abstraction by the hydroxyl radical.  These differences in strand-break 
frequencies provide a detailed footprint specific to the type of protein that is bound to the 
DNA at that location.   Many protein-DNA complexes have been shown to have specific 
hydroxyl radical cleavage patterns (particularly DNA packaged into chromosomes by 
histone proteins). Hydroxyl radical cleavage patterns are dictated by the shape of the 
protein-bound DNA, resulting in distinct patterns for each bound protein (Ottinger et al. 
2000).  Cleavage patterns have been determined both in vitro and in vivo for many DNA-
protein complexes (Hayes et al., 1991).  Comparisons of hydroxyl radical footprints with 
these predetermined cleavage patterns potentially will allow for structural inference of 
distinct DNA-protein interactions in vivo. 
13
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The classical in vitro hydroxyl radical cleavage experiment involves radiolabeling 
a fragment of DNA.  The DNA is then treated with hydroxyl radicals, generally via the 
Fenton reaction.  Hydroxyl radical reactions must be carefully controlled such that no 
more than 30% of the total DNA sample is damaged (Tsen et al., 2004).  This ensures that 
there is at most one hydroxyl radical cleavage event occurring in any single DNA 
molecule.  This requirement is important as a single strand break could potentially alter 
the structure of the DNA molecule.  Any subsequent strand breaks would then be 
displaying patterns of the damaged DNA and not the original sample.  The DNA 
fragments resulting from hydroxyl radical cleavage events are observed by denaturing 
polyacrylamide gel electrophoresis (PAGE).  These footprints provide very accurate 
pictures of DNA-protein interactions.  
In vivo hydroxyl radical cleavage experiments cannot utilize the Fenton reaction 
for hydroxyl radical generation.  Hydroxyl radicals are instead generated by using a 
source of radiation to generate hydroxyl radicals from cellular water molecules (Ottinger 
et. al. 2000).  The DNA is isolated from irradiated cells and analyzed by primer 
extension.  Hydroxyl radical damage results in stops in the primer extension reaction. 
This results in a variety of primer extension products with lengths that differ based on the 
locations of hydroxyl radical damage.  These products are analyzed by denaturing PAGE. 
While this method of structural determination provides accurate footprints of in vivo 
DNA-protein interactions, it is not practical for application to genome-wide studies. 
Regions of DNA that can be analyzed this way are limited by the resolution of denaturing 
PAGE (<800 base pairs).  Use of this technique on a genome-wide scale would require 
numerous different radiolabeled primers to span the entire genome in small increments (< 
15
800 base pairs) capable of being analyzed using denaturing PAGE.    
     
1.4 Scope of this dissertation
Hydroxyl radical footprinting provides highly detailed single-nucleotide 
resolution maps of DNA-protein interactions.  Protocols have been developed for this 
method both in vitro and in vivo.  These protocols are limited, however, by the length of 
DNA that can be accurately visualized using current DNA fragment analysis methods. 
The development of massively parallel high-throughput sequencing technologies presents 
a new method for analysis of hydroxyl radical cleavage products, increasing the 
visualization capabilities from a few hundred base pairs to genome-scale analysis.
This dissertation describes the development of a methodology to use high-
throughput sequencing to analyze in vivo hydroxyl radical footprints.  While protocols are 
available for generating footprints for a variety of genome-wide DNA-protein 
interactions, these methods are not able to provide information for every nucleotide 
within the genome in a single experiment.  Coverage at each individual nucleotide can be 
achieved using the hydroxyl radical as a chemical probe due to its small size and lack of 
DNA sequence requirements.  
There are many challenges in adapting hydroxyl radical cleavage for use with 
high-throughput sequencing.  The initial step of preparing a sequencing library requires 
ligation of a sequencing adapter to the location of interest within the genome.  Hydroxyl 
radical cleavage events result in single-strand breaks, which are not amenable for direct 
ligation.  Ligation requires the presence of a double strand break at the hydroxyl radical 
damage site with a 5'-phosphate and 3'-hydroxyl group (Figure 1.3).  It is necessary to 
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first convert single-strand cleavage sites into double-strand breaks capable of ligation to 
sequencing adapters.   
Described in Chapter 2 are the steps taken to determine an appropriate enzyme 
for generating double-strand breaks at the precise locations of hydroxyl radical cleavage. 
The reagents tested were characterized by the products formed upon generation of the 
double-strand break.  Protocols were then determined for the steps required for proper 
ligation to sequencing adapters.  These experiments were performed using a set of 
synthetic oligonucleotides that were designed to mimic the products that result from a 
hydroxyl radical cleavage event.  
Chapter 3 describes the steps taken to develop a method for generating sequencing 
libraries to analyze in vivo hydroxyl radical footprints in the yeast Saccharomyces  
cerevisiae.   Yeast cells were exposed to γ-radiation to generate oxidative damage.  The 
DNA was extracted, and the protocols developed in Chapter 2 were used to ligate a 
sequencing adapter to the exact locations of hydroxyl radical cleavage.  Following 
sequencing adapter ligation, experiments were performed to determine the remaining 
steps necessary for preparation of sequencing libraries capable of analysis using the 
Illumina high-throughput sequencing platform.    The generated libraries were tested for 
quality compared to libraries generated from a sample of non-hydroxyl radical-treated 
yeast DNA.  Sequencing libraries of high purity and sufficient DNA concentration were 
successfully constructed from in vivo hydroxyl radical treated S. cerevisiae genomic 
DNA.
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Chapter 2: Hydroxyl Radical Sequencing Library Preparation - The Model System
2.1 Introduction
A protocol to use hydroxyl radicals to map both genome structure and DNA-
protein interactions would be valuable and have numerous applications.  To arrive at such 
a protocol, the Illumina high-throughput sequencing platform will be used.  There are 
well-established protocols for Illumina sequencing library sample preparation (Illumina 
Product Documentation #1003806, 2008; Abban, 2011).  These protocols, however, are 
not amenable to the hydroxyl radical footprinting technique (Figure 2.1).  The current 
Illumina sample preparation protocols require that the site of interest in the sample is a 
double-stranded break in the DNA.  This double strand break is required to allow for the 
ligation of the first sequencing adapter.  As stated previously, the products resulting from 
hydrogen abstraction by gentle treatment with hydroxyl radicals are single-strand breaks 
(SSBs) in the form of gaps or nicks in the DNA backbone.  In order to effectively use the 
Illumina sequencing platform, a method is needed to selectively transform the SSBs into 
double-strand breaks (DSBs), and ligate on a sequencing adapter.  This necessitates the 
development of a new method for sample preparation specific to our application.       
        Monitoring the efficiency and accuracy of selective strand cleavage and adapter 
ligation in the relatively large genome of S. cerevisiae would be quite difficult.  For this 
reason, it is necessary to develop the method and confirm its accuracy first in a simpler 
model system, and then apply the method to S. cerevisiae.  
Three sets of synthetic oligonucleotide duplexes were designed such that there 
would be a 51 nucleotide long “top” strand, and oligonucleotides complementary to the
18
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top strand to generate one of three structures: gapped DNA, nicked DNA, or duplex DNA 
(Figure 2.2).  The gapped and nicked structures mimic the two major products resulting 
from a hydroxyl radical cleavage event (Figure 1.3), while the intact duplex structure 
serves as a control.  For the nicked construct the aldehyde present at the 5' damage site 
could not be purchased commercially.  Instead, a 5'-hydroxyl group was substituted to 
approximate this terminal group.  The oligonucleotides were designed such that they 
could be selectively radiolabeled and each step of the sequencing library preparation 
could be monitored via denaturing PAGE.
Table 1.1:  Oligonucleotide Sequences Use for Model Constructs
The model system was used to determine the sequence of enzymatic steps 
required for ligation of the first sequencing adapter to hydroxyl radical-cleaved DNA 
based on three important criteria: cleavage selectivity, adapter ligation, and strand 
specificity.  
First, the unique site of oxidative damage must be located and the opposing strand 
must be selectively cleaved to generate a DSB.  Non-selective cleavage would result in 
false positive results and make subsequent data analysis difficult.  To investigate whether 
Top strand
51 nt
5' -CTACTGTCGCTCGTAGCATACGTAG
TGCTAACTCACTGCTACGTCGCAGGT 
Gapped
5' -side of damage site
15nt
5' -TACGAGCGACAGTAG
Nicked
5' -side of damage site
16nt
5' -CTACGAGCGACAGTAG
Nicked and Gapped 
3' -side of damage site
35 nt
5' –ACCTGCGACGTAGCAGTGAGTTAGC
ACTACGTATG
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non-selective cleavage occurs, each set oligonucleotide was radiolabeled at the 5' end of 
the intact top strand.  Each DNA construct (gapped, nicked, and duplex) was then 
subjected to the cleavage agent being investigated and the results were observed by 
denaturing PAGE.  The method allowed for observation of both the selectivity of double-
strand break generation, and the products generated by the particular cleavage agent 
being used.  A positive result would be considered to be the case where there were clearly 
observed products for the gapped and nicked constructs with little to no background 
cleavages in the intact duplex construct.
Once the damaged site is cleaved, the second criterion requires that the resulting 
double-strand break must be end-repaired in such a way as to render it capable of ligation 
to Illumina sequencing adapters while retaining the unique site of oxidative damage.  The 
ligating end of the sequencing adapter contains a 5' thymine overhang, meaning that the 
hydroxyl radical sample must contain a 3' adenine overhang as well as the 5' phosphate 
and 3' hydroxyl ends needed for ligation.   Such a product is needed to facilitate a 
pseudo-"sticky-end" ligation to the sequencing adapter and prevent undesired ligations 
that would occur with traditional blunt-ended ligation.  The cleavage agent must produce 
a 3' hydroxyl-terminated DNA fragment that can be repaired to facilitate ligation. This 
requirement was confirmed in the model system by subjecting each construct to strand 
cleavage, followed by the enzymatic end repair steps and ligation of  the sequencing 
adapter.  Each step of the process was observed by denaturing PAGE.  A positive result 
was the observation of ligation products of the appropriate length for the gapped 
construct, with no ligation products observed for the intact duplex DNA.    
The third criteria is strand specificity, where ligation of Illumina sequencing 
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adapters is accomplished in a strand-specific manner.  In principle, when a double-strand 
cut is made at the site of hydroxyl radical damage, either one of the two newly generated 
ends could potentially ligate to the sequencing adapter.  If this occurs, then there would 
be no way to determine the exact site of hydroxyl radical damage.  The mapped reads 
would instead correspond to the double strand break as a whole.  Since only one cleavage 
is generated by the hydroxyl radical, the second cleavage (which creates the double 
strand break) should not be mapped.  In other words, to achieve the highest resolution 
view of protein-DNA contacts, it is essential that the exact location of hydroxyl radical 
damage is selectively ligated to the sequencing adapter.  
The ends generated by hydrogen abstraction by the hydroxyl radical result in 
products that make ligation to the 5' side of the damage site convenient (Figure 2.3).  The 
site 3' to the hydroxyl damage site will be blocked from ligation by the presence of a 3' 
phosphate group that results from the hydroxyl radical cleavage event.  Since the T4 
DNA ligase requires the presence of a 3'  hydroxyl group for ligation, it is critical that the 
3' phosphates remain throughout double-strand break generation and subsequent repair 
steps, to prevent unwanted ligation on the 3' side of the hydroxyl radical damage site.  To 
determine whether undesired ligation occurs 3' to the hydroxyl radical cut, the model 
substrates were radiolabeled at the DNA end 3' to the simulated hydroxyl radical cleavage 
site.  A series of enzymatic steps, including ligation, was performed on these substrates. 
Undesired ligations will give rise to a mobility shift of the radiolabeled DNA strand on 
denaturing PAGE.   A positive result would be a lack of mobility shift for reaction 
products at any step of the sequencing library preparation protocol, for DNA fragments 
radiolabeled 3' to the site of hydroxyl radical damage.   
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Figure 2.3: Schematic of potential problem associated with ligation of adapters to 
both sides of the hydroxyl radical cleavage site (asterisk) in genomic DNA.  Following
double strand generation there are two potential sites that could ligate to the 
sequencing adapter (pink).  Ligation is prevented on the 3' side due to the presence 
of the 3'-phosphate group that results from hydroxyl radical cleavage.  As indicated by
the red X ligation should not proceed on the 3' side, however, if the 3'-phosphate were 
lost, due to enzymatic treatments, then ligation could potentially occur on both sides. 
Shown here are the products that would be observed if this were to happen.  The 
sequencing adapter (pink) would be ligated to both sides.  The primer used for 
sequencing (purple) is designed such that the site of hydroxyl damage is the first 
nucleotide following the end of the sequencing adapter.  The red asterisk 
shows the result that would be obtained using the sequencing primer for each 
side of the damage site.  For the case of the 5' side of the damage site, the two asterisks
are on the same nucleotide, however, for the 3' side, the damage is determined to be on 
the opposite strand.  If both sides of the hydroxyl radical site were able to ligate 
to sequencing adapters, then the final library would be a mixture of these two products,
and the precise location of the damage site could not be determined.  
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Given the three criteria for successful library preparation, a series of cleavage 
agents was tested.  Chemical and enzymatic DSB generators were ranked based on two 
key attributes: their selectivity in generating a DSB only at the location of the simulated 
hydroxyl radical cleavage event, and the efficiency of double-strand break generation. 
From the cleavage agents tested, two enzymes were selected for further analysis. These 
were T7 endonuclease I and S1 nuclease. These enzymes have very different cleavage 
mechanisms, and therefore produce different double-strand break products.  The 
generation of distinct products required that sequencing library preparation protocols be 
developed for each enzyme.  Here the development of each protocol and the analysis of 
each enzyme as a candidate for the final library preparation protocol is described.   
2.2 Experimental Design - T7 endonuclease I
T7 endonuclease I has been most commonly used in the characterization of the 
Holliday junction, the four-stranded intermediate in DNA recombination (Déclais, A-C. 
et. al. 2003; Hadden, J.M. et. al. 2007).  This enzyme is a structure-specific endonuclease 
that locates its site of cleavage based on differences in DNA flexibility.  The gap created 
by a hydroxyl radical damage event provides enough flexibility for T7 endonuclease I to 
target the site and cleave the strand opposite.  
Preliminary experiments using T7 endonuclease I to cleave model substrates 
indicated that in cases where T7 endonuclease I generates a strand break at the location of 
a gap in DNA, the resulting products on the cleaved strand are a recessed (0-3 nt) 3' end 
terminated by a hydroxyl group and a 5' blunt end terminated by a phosphate group.  As 
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mentioned previously, only the side of the double-strand break corresponding to the 5' 
side of hydroxyl radical damage is of interest for ligation to sequencing adapters.  
As seen in Figure 2.4, the resulting double-strand break must be repaired in order 
to ligate properly to the sequencing adapter.  To do this, the 3' recessed end is first 
repaired to produce a blunt end using DNA polymerase I large (Klenow) fragment.  The 
blunt-ended DNA is then treated with Klenow exo- and dATP.  Klenow exo- retains the 5' 
 3' polymerase activity of the large Klenow fragment, but lacks the 3'  5' exonuclease 
activity needed to create blunt ends. Lacking in exonuclease activity, and supplied with 
dATP, Klenow exo- adds a single adenine overhang on the 3' end of a DNA fragment.  As 
mentioned previously, the sequencing adapter that must be ligated to this fragment 
contains a single thymine overhang.  Repair of the DNA fragments generated by cleavage 
with T7 endonuclease I using the above protocol allows for selective ligation of the 
Illumina sequencing adapter by pseudo "sticky-end" ligation facilitated by the A:T base 
pair formed between the DNA fragment (A) and the adapter (T).    
   
2.3 Experimental Procedures - T7 endonuclease I
2.3.1  Radioactive labeling of oligonucleotides
For 5' radiolabeling of oligonucleotides, 50 pmol of the oligonucleotide to be 
labeled was added to 1x PNK buffer (7 mM Tris-HCl, 1 mM MgCl2, 0.5 mM DTT, pH 
7.6), 16.7 pmol [γ-32P]ATP (Perkin Elmer), and 30 units T4 polynucleotide kinase (New 
England Biolabs).  The reaction mixture was incubated at 37 °C for 1 hour.  The reaction 
was stopped using a QIAQuick nucleotide removal spin column (Qiagen) according to 
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Figure 2.4: Method for generation of ligatable fragments at the 5' 
side of hydroxyl radical damage.  DNA is cleaved by T7 endonuclease I,
blunted by Klenow, A-tailed by Klenow (exo-), and ligated to sequencing 
adapters.
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the product specifications.  The radiolabeled oligonucleotide was eluted in 50 μL of 
deionized water and dried in a Savant Speed Vac concentrator.  
For 3' radiolabeling of oligonucleotides, 50 pmol of the oligonucleotide to be 
labeled was annealed to 50 pmol of its complement, which contained a 4 nt long 5' 
overhang.  Annealing was performed by placing the oligonucleotides in 1x NEBuffer 2 (5 
mM NaCl, 1 mM Tris-HCl, 1 mM MgCl2, 0.1 mM DTT, pH 7.9) at 90 °C for 15 minutes, 
turning the heat block off, and allowing the DNA to cool to room temperature over a 
period of at least 2 hours.  To the annealed DNA was added 50 pmol of [α-32P]dATP 
(Perkin Elmer) and 20 units of DNA polymerase I large (Klenow) fragment (New 
England Biolabs). A mixture of dCTP, dGTP and dTTP was added to a final concentration 
of 33 μM.  The reaction mixture was incubated at 37 °C for 30 minutes.  A "cold-chase" 
was then performed, in which non-radioactive dATP was added to a final concentration of 
33 μM and the reaction was allowed to proceed for an additional 10 minutes to ensure 
completion.  The reaction was then stopped using a QIAQuick nucleotide removal spin 
column (Qiagen) according to the product specifications.  The radiolabeled 
oligonucleotide was eluted in 50 μL of deionized water and dried in a Savant Speed Vac 
concentrator.  
2.3.2  Purification of radiolabeled oligonucleotides
Dried radiolabeled oligonucleotides were dissolved in 15 μL of formamide 
loading dye  (Ambion) and loaded on a 20% denaturing polyacrylamide gel.  The gel was 
run at 3000 volts and 65 watts for approximately 3 hours (until the bromophenol blue dye 
had nearly left the gel).  The gel was removed from the glass plates and placed on a 
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Molecular Dynamics imaging phosphor screen for 5 minutes. The screen was then 
imaged using a Typhoon Trio Model Phosphorimager.  The resulting scan was used as a 
guide to cut out the band of interest from the gel.  
Radiolabeled DNA was isolated by submitting the excised gel band to the "crush 
and soak" procedure in 10 mM Tris-Cl (pH 7.5) overnight at 37 °C.  Following "crush 
and soak," the samples were centrifuged at 5100 rpm for 10 minutes to pellet the gel 
pieces. The supernatant (containing the radioactive oligonucleotide) was removed and the 
DNA was precipitated by addition of 2.5 volumes of 100% ethanol and 1/10 volume of 3 
M sodium acetate (pH 5.2).  The DNA pellet was washed twice with 70% ethanol and 
dried using a Savant Speed Vac concentrator.
2.3.3  Annealing oligonucleotides
The dried, purified, radiolabeled oligonucleotide was dissolved in 50 μL of EB 
buffer (10 mM Tris-Cl, pH 8.5).  DNA concentration was determined by UV 
spectrophotometry based on A260 and the extinction coefficient provided by the 
manufacturer of the oligonucleotide (Integrated DNA Technologies).  Keeping the 
amount of radiolabled oligonucleotide constant, the molar ratios of the complementary 
strands were varied from 1:1 to 1:4.  Oligonucleotides were annealed at 90 °C for 15 
minutes in 1x NEBuffer 2 (5 mM NaCl, 1 mM Tris-HCl, 1 mM MgCl2, 0.1 mM DTT, pH 
7.9) and allowed to cool to room temperature over a period of 2 hours.  
Following annealing, 5x GelPilot DNA loading dye (Qiagen) was added and 
samples were loaded onto a 20% native polyacrylamide gel.  The gel was run at 10 watts 
at 4 °C for 4 hours.  The gel was removed from the plates and dried under vacuum at 80 
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°C for 1 hour and 30 minutes.  The dried gel was placed on a Molecular Dynamics 
imaging phosphor screen for 2 hours. The screen was imaged using a Typhoon Trio 
Model Phosphorimager.  Appropriate annealing conditions were determined by observing 
the mobility shift of the radiolabeled strand.  With increasing amounts of complementary 
oligonucleotide, the single-stranded radioactive oligonucleotide forms a  duplex resulting 
in lower mobility in the gel.  
2.3.4  T7 endonuclease I treatment
For each T7 endonuclease I reaction, 20 pmol of radiolabeled DNA was added to 
40 units of T7 endonuclease I (New England Biolabs) in 1x NEBuffer 2 (New England 
Biolabs).  The reaction was run for 4 hours at room temperature.  Reactions were stopped 
with a QIAQuick nucleotide removal spin column (Qiagen). DNA was eluted in 50 μL of 
deionized water.  A 5 μL aliquot was removed, dried using a Savant Speed Vac 
concentrator, and used for gel analysis.
2.3.5  DNA polymerase I Large (Klenow) Fragment treatment
Following treatment with T7 endonuclease I, the DNA sample was allowed to 
react with 20 units of DNA polymerase I large (Klenow) fragment (New England 
Biolabs) in 1x NEBuffer 2 (New England Biolabs) supplemented with dNTPs (33 μM). 
The samples were allowed to incubate at 37 °C for 30 minutes.  The reaction was stopped 
using a QIAQuick nucleotide removal spin-column (Qiagen). DNA was eluted in 50 μL 
of deionized water.   A 5 μL aliquot was removed for gel analysis and dried using a 
Savant Speed Vac concentrator.
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2.3.6  Klenow (3' → 5' exo-) treatment
Following treatment with DNA polymerase I large (Klenow) fragment, the DNA 
sample was allowed to react with 20 units of Klenow (3' → 5' exo-) (New England 
Biolabs) in 1x NEBuffer 2 (New England Biolabs) supplemented with dATP (33 μM). 
The sample was allowed to incubate at 37 °C for 30 minutes.  The reaction was stopped 
using a QIAQuick nucleotide removal spin-column (Qiagen). DNA was eluted in 50 μL 
of deionized water.   A 5 μL aliquot was removed, dried using a Savant Speed Vac 
concentrator, and used for gel analysis.
2.3.7 Ligation of adapters
The concentration of the DNA sample following Klenow (3'  5' exo-) treatment 
was measured using UV spectrophotometry.  To this sample, annealed sequencing 
adapters were added in a 2:1 (adapter:sample) molar ratio.  Adapters were ligated with 
1,000 units T4 DNA ligase (New England Biolabs) in 1x T4 DNA ligase buffer (New 
England Biolabs) for 16 hours at 16 °C.  Ligation reactions were stopped using a 
QIAQuick nucleotide removal spin-column (Qiagen). DNA was eluted in 50 μL of 
deionized water.  The DNA was dried using a Savant Speed Vac concentrator.
2.3.8 Visualization of reaction products   
Aliquots from the samples described in sections 2.3.4-2.3.7 were dissolved in 15 
μL of formamide loading dye (Ambion).  Samples were maintained at 37 °C for 30 
minutes to ensure complete dissolution.  Samples were electrophoresed on a 20% 
denaturing polyacrylamide (19:1) gel that had been pre-run for 1 hour (or until it reached 
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a temperature of 55 °C).  Samples were heated to 90 °C for 5 minutes followed by brief 
cooling on ice prior to loading on the gel.  Samples were loaded such that an identical 
amount of radioactive counts per minute (determined by Geiger counter) were added to 
each gel lane.  The gel was run at 3000 volts and 65 watts (constant) for approximately 4 
hours or until the bromophenol blue dye was approximately 1 inch from the bottom of the 
gel.  The gel was removed from the plates and transferred onto Whatman filter paper (#3) 
and plastic wrap and dried for 1 hour 30 minutes under vacuum at 80 °C.  The dried gel 
was placed on a Molecular Dynamics imaging phosphor screen for 12 hours. The screen 
was imaged using a Typhoon Trio Model  Phosphorimager.    
   
2.4 Results - T7 endonuclease I treatment 
The data described in this section are the result of a sequencing library preparation 
protocol applied to a simulated hydroxyl radical-damaged DNA molecule.  The goal of 
these experiments was to determine whether T7 endonuclease I would be an appropriate 
candidate for library preparation based on three major criteria: DSB specificity, 
successful ligation, and strand selectivity.
2.4.1 T7 endonuclease I selectivity
Exposure of DNA to hydroxyl radicals creates two major products.  These 
products are a single nucleoside gap flanked by phosphate groups, and a nick flanked by 
a 5' aldehyde and a 3' phosphoglycolate in a 4:5 ratio (Blanco, 2002).  T7 endonuclease I 
was tested for its ability to cleave each of these lesions, as well as to react with intact 
duplex DNA.  The denaturing polyacrylamide gel (Figure 2.5) shows the radiolabeled 
34
fragments following treatment of gapped, nicked, and duplex DNA with T7 endonuclease 
I.  In all three instances, the same strand was radiolabeled. Complementary strands were 
annealed to this top strand to create the gapped, nicked, and duplex structures.
Of primary importance is the observation that T7 endonuclease I reacts with 
gapped DNA in an efficient and highly selective manner.  Comparison of the control 
sample (no T7 endonuclease I treatment) (lane 3) to T7 endonuclease I-treated gapped 
DNA (lane 4) shows that the 51 bp fragment was completely converted to smaller 
products. These products range in size from 13-15 nt.  As previously described, T7 
endonuclease I is known to react with gapped DNA to produce products with 0-3 nt 
recessed 3' ends.  The major product observed is the blunt ended fragment, with less 
predominant products  14 and 13 nucleotides in length.  Very little degradation is seen 
beyond the three products mentioned, which indicates that T7 endonuclease I cuts gapped 
DNA selectively.   
T7 endonuclease I also cleaves nicked DNA  efficiently.  This is observed in the 
complete loss of the 51 bp starting fragment following T7 endonuclease I treatment (lane 
6) as compared to no T7 endonuclease I treatment (lane 5).  Surprisingly, the product 
distribution is quite different from that seen for gapped DNA.  There is essentially no 
blunt ended DNA (16 nt), and instead the products are shifted toward smaller fragments, 
with 14 nt being the major product.  The nicked fragments should be able to be repaired 
in the same way as the gapped samples, however, the presence of a 5'-aldehyde 
(simulated by a 5'-hydroxyl) and 3'-phosphate at the damage site will prevent ligation of 
the sequencing adapter.  While outside the scope of this dissertation, future work will be 
focused on the development of methods for the selective capturing and sequencing of 
35
Figure 2.5: T7 endonuclease I cleavage products (lanes 2, 4, and 6) seen on a 20% 
denaturing PAGE (top) for the three model constructs mimicking hydroxyl radical 
damage.  Products are observed as a decrease in size (increase in gel mobility) as 
compared to untreated control samples (lanes 1, 3, and 5).  The bottom panel is a 
schematic of T7 endonuclease I treatment for each construct with the radiolabeled portion 
of the DNA indicated in red.  Product sized were determined using a size standard of 
known length (not shown).
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nicked and gapped products in genomic DNA.  The differences in the products resulting 
from T7 endonuclease I treatment of different DNA lesions may be pivotal in the 
selective capture of the two different hydroxyl radical cleavage events.  
It is important to note the lack of reactivity of T7 endonuclease I with intact 
duplex DNA.  The control (no T7 endonuclease I treatment, lane 1) sample is identical to 
that of the T7 endonuclease I treated sample (lane 2).  This is critical to the success of the 
method, as non-selective DNA cutting by T7 endonuclease I would result in false positive 
results when mapping hydroxyl radical damage on a genome-wide scale.  It is important 
to note, however, that this is a highly controlled experiment.  T7 endonuclease I is known 
to be very reactive toward highly structured and/or flexible DNA regions.  The constructs 
used for this study are short, linear DNA molecules (51 bp) that are designed to have 
none of the structural features with which T7 endonuclease I is known to react, except for 
a gap or nick.  How T7 endonuclease I interacts with intact duplex DNA in a much larger, 
more highly structured molecule at genome scale cannot be determined directly from this 
experiment.
2.4.2 Ligation of sequencing adapters
 Efficient and selective ligation of sequencing adapters to T7 endonuclease-
cleaved DNA is critical for preparation of a sequencing library.  To enable successful 
ligation following T7 endonuclease I treatment, the cleaved DNA must be converted to a 
duplex with a single adenine overhang on the 3' ligating end.  Shown in Figure 2.6 are the 
step-by-step results for the generation of such a fragment.  The DNA starts as a gapped 
structure with the intact (51 bp) strand radiolabled (1).  The gapped DNA is then treated 
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with T7 endonuclease I (2).  This produces the expected fragment sizes of 15, 14, and 13 
nt.  These correspond to the blunt, 1 nt recessed, and 2 nt recessed fragments, 
respectively.  These recessed fragments must be repaired to yield blunt ends.  This is 
facilitated by reaction with DNA polymerase I large (Klenow) fragment.  Treatment with 
Klenow results in the majority of the small fragments being repaired to blunt (15 nt long) 
fragments (3).  While repair is not 100% efficient, it is clear that the majority of the short 
fragments are converted, as seen by the fact that the multiple bands following T7 
endonuclease I (2) have shifted to higher mobility, with the most intensely radioactive 
band occurring at the size corresponding to the blunt ended fragment (3).  Following 
repair it is necessary to add a single adenine to the 3' end of the DNA fragment to 
facilitate ligation to the corresponding overhanging thymine on the adapter.  To do this, 
Klenow (3'  5' exo-) was used (4).  This treatment is quite efficient as seen by the 
mobility shift of one nucleotide between lanes 3 and 4.  This shift corresponds to the 
addition of a single nucleotide to the blunt ended fragments generated in the previous 
repair step.
At this point the DNA fragment containing the site of hydroxyl radical damage is 
ready to be ligated to sequencing adapters.  Successful ligation is demonstrated by the 
predominant band from lane 4 shifting to a much higher position on the gel (6).  This 
mobility shift is a result of successful ligation of the 22 base pair adapter.  The size of the 
new band generated after ligation is ~38 bp based on a size standards of known length 
(lanes 7 and 8).  This corresponds well with the fragment size expected for a successful 
ligation of T7 endonuclease I treated DNA (16 bp) to the sequencing adapter (22 bp). 
Also of note is the relatively small amount of non-ligated material remaining in 6, as well 
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Figure 2.6: Right panel: Workflow for preparation of ligatable DNA following T7 
endonuclease I treatment of gapped DNA at the location of a simulated hydroxyl radical 
cleavage event. Left panel: Products seen by 20% denaturing PAGE for the steps 
corresponding the the illustrated workflow.  Gapped DNA (1) cleaved with T7 
endonuclease I (2), end-repaired (3), A-tailed (4), and ligated to sequencing adapters (6). 
A-tailed DNA was also ligated in the absence of adapters (5).  Product sizes were 
determined based on size standards of known length (lanes 7 and 8).  A band shift of 1-
1.5 nucleotides is observed  for samples treated with T4 DNA ligase (lanes 5 and 6).  The 
shift is hypothesized to be the result of incomplete ligation.  These bands are marked with 
asterisks and discussed on page 41.
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as the lack of non-specific ligation products.  This indicates that the method outlined here 
using T7 endonuclease I is capable of producing, with high efficiency, ligatable products 
that capture the unique site of hydroxyl radical damage.
As a further test of quality, a control ligation was also performed (lane 5).  The 
ligation reactions shown in lanes 5 and 6 differ only in that the sample in 5 did not 
contain adapters.  This control was performed to ensure that the products generated 
through the repair steps following T7 endonuclease I were not able to self-ligate.  If there 
were products of higher mobility in lane 5, this would indicate that the repair 
and A-tailing reactions were not properly performed.  Properly generated samples have a 
single adenine overhang, and thus would not be able to ligate to one another because A:A 
base stacking at the ligation locus would be unstable.  There are virtually no products of 
higher mobility observed in lane 5, and therefore little non-intended ligation occurs.  
Also of note is an interesting observation that in the ligation reactions shown 
(lanes 5 and 6) there is an apparent mobility shift of 1-1.5 nucleotides for all  fragment 
bands (asterisks).  This shift is seen in the presence or absence of adapters.  This mobility 
shift is thought to be indicative of incomplete ligation.  T4 DNA ligase functions by a 
two-step mechanism.  First, 5' phosphate groups are primed for ligation by the addition of 
AMP.  Upon successful ligation, cleavage and release of AMP precedes the formation of 
the new bond between the 5' phosphate and 3' hydroxyl.  Fragments observed to be 
shifted in mobility are the result of a 5' phosphate group being primed for ligation by the 
addition of AMP.  Because there are no substrates capable of ligation to these fragments, 
the 5' phosphate groups remain primed with AMP.  Therefore the DNA strand has an 
additional nucleotide, which is observed as a gel mobility shift. This has been observed 
42
previously in the investigation of neurodegenerative diseases (Ahel et al, 2006). 
2.4.3 Strand specificity
To enable downstream analysis of sequenced samples it is imperative that each 
site of hydroxyl radical damage be sequenced only once.  The gap structure that results 
from hydroxyl radical cleavage, when processed by T7 endonuclease I, is converted into 
two fragments of DNA, each containing one side of the damage event.  If both sides were 
to be ligated to adapters and sequenced, the effect would be to map the double strand 
break generated by enzymatic cleavage and not the original site of hydroxyl radical 
damage (Figure 2.3).  It has been shown that the 5' side of the hydroxyl radical cleavage 
event can be ligated to sequencing adapters (Figure 2.6).  It is therefore essential that the 
fragment generated on the 3' side of the hydroxyl radical damage site not ligate to the 
adapter.  This will ensure that each hydroxyl radical cleavage event is only sequenced 
once, thereby ensuring that each hydroxyl radical cleavage will map to a unique place in 
genomic DNA strand-specifically.
In order to test this, a radiolabel was attached to the oligonucleotide representing 
the 3' side of the hydroxyl radical cleavage event.  This construct was treated with T7 
endonuclease I, followed by all the repair reactions prior to ligation of adapters (Figure 
2.7).  The products were then subjected to the same ligation conditions that were used 
successfully to attach the sequencing adapter to the 5' side of the hydroxyl radical damage 
site (see Figure 2.6).  
Figure 2.7 shows the results of an experiment designed to test whether the 3' side 
of the hydroxyl radical cleavage site is able to ligate to the sequencing adapters.  The 
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gapped construct radiolabeled on the 3' side of the damage site (Figure 2.7, lane 1) was 
treated with T7 endonuclease I (Figure 2.7, lane 2).  There is no change in electrophoretic 
mobility, indicating that T7 endonuclease I does not have an effect on the 3' damage site. 
The remaining repair steps, Klenow (lane 3) and Klenow (3'  5' exo-) (lane 4) also 
cause no change in mobility.  This was anticipated due to the design of the model 
construct used for the experiment.  This construct was designed with a 3'-phosphate 
group to mimic one of the two major products that result from a hydroxyl radical 
cleavage event.  The other product contains a 3'-phosphoglycolate group and has similar 
reactivity to that of 3'-phosphate, in that both of these 3' groups block the 3' site from the 
end repair actions of polymerases.  The presence of a 3'-phosphate terminus will prevent 
Klenow (3'  5' exo-) from generating a 3' adenine overhang.  Lastly, ligation reactions 
both in the presence (Figure 2.7, lane 6) and absence (lane 5) of adapters were performed. 
In both cases no ligation products are observed, and there is no change in mobility of the 
initial 35 bp band.  This demonstrates that T7 endonuclease I treatment of hydroxyl 
radical-cleaved DNA produces a double-strand break that selectively ligates on only one 
side of the hydroxyl radical cleavage site, thus ensuring that sequencing reads map each 
damage site to a unique nucleotide and DNA strand.
2.5 Discussion -  T7 endonuclease I
Experiments using a model system that mimics DNA resulting from a hydroxyl 
radical cleavage event demonstrate that T7 endonuclease I produces a double-strand 
break opposite a hydroxyl radical lesion.  The T7 endonuclease I-treated DNA meets the 
three major criteria required for a method to produce a sequencing library: selectivity in 
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Figure 2.7: Right panel: Workflow for preparation of ligatable DNA following T7 
endonuclease I treatment of gapped DNA at the location of a simulated hydroxyl radical 
cleavage event. Left panel: Products seen by 20% denaturing PAGE for the steps 
corresponding to the illustrated workflow.  Gapped DNA (1), cleaved with T7 
endonuclease I (2), end-repaired (3), A-tailed (4), and ligated to sequencing adapters (6). 
A-tailed DNA also was ligated in the absence of adapters (5).  Product sizes were 
determined based on size standards of known length (lanes 7 and 8). 
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lesion cleavage, ligation of adapters, and ligation site specificity.  These experiments, 
performed on a highly controlled oligonucleotide construct, allowed for detailed analysis 
of the products resulting from strand cleavage by T7 endonuclease I, and led to the 
development of a protocol that can render those products able to ligate to sequencing 
adapters.  
It is important to note, however, that the constructs studied in these experiments 
are structurally well-defined, small DNAs.  Ultimately, the protocol must be implemented 
in the relatively large, structurally diverse genome of S. cerevisiae.  As T7 endonuclease I 
is known to cleave DNA in regions of non-duplex structure, it was anticipated that the 
complex genetic landscape of the S. cerevisiae genome might result in non-specific 
cleavage by T7 endonuclease I (Müller et al., 1990).  Preliminary experiments in which 
the protocol for adapter ligation detailed above was used for sequencing library 
preparation of hydroxyl radical damaged S. cerevisiae have shown that non-specific cuts 
by T7 endonuclease I account for as much as 70% of the final signal (results not shown).  
The level of background signal that occurs when using T7 endonuclease I to 
digest yeast genomic DNA renders downstream data analysis difficult, as parsing out the 
relatively small signal resulting from mapped hydroxyl radical cleavages is often 
overwhelmed by noise from non-specific cutting.  Nonetheless a sequencing library 
generated by this approach provided the first whole-genome map of hydroxyl radical 
damage (Hari Subramanian, personal communication). 
Efforts are being made by Hari Subramanian to optimize the library preparation 
protocol using T7 endonuclease by partial removal of non-specific T7 endonuclease I-
cleaved DNA prior to sequencing library preparation.  These attempts, however, are in the 
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early stages of development and have been limited in success and reproducibility.
2.6 Conclusions - T7 endonuclease I
T7 endonuclease I has been shown to efficiently and selectively cleave synthetic 
oligonucleotide DNA constructs that mimic the products of hydroxyl radical cleavage. 
Using this well-defined DNA construct, a protocol was developed for the selective 
ligation of a sequencing adapter to the site of hydroxyl radical damage.  T7 endonuclease 
I was shown to have no effect on non-damaged (intact) DNA molecules with a model 
substrate.  The cuts resulting from T7 endonuclease I were selectively ligated on only one 
side of the hydroxyl damage site.   While these experiments have been essential for 
method development, transfer of this protocol to the much more structurally complex S.  
cerevisiae genome may not be practical for this enzyme.  T7 endonuclease I is known to 
cleave non-duplex DNA regions.  Using the developed protocol, both hydroxyl radical 
damaged sites and non-specific cleavage sites that are generated by T7 endonuclease I 
would undergo the same enzymatic repair steps, and would therefore be ligated to 
sequencing adapters.  This means that each location where T7 endonuclease I causes a 
DSB will be sequenced.  Further study is needed to determine whether non-specific 
cleavages by T7 endonuclease I occur in specific locations along the genome.  If non-
specific cleavages only occur at specific locations then the extraneous damage sites could 
be filtered from the data during analysis.   Given the high level of non-specific cutting by 
T7 endonuclease I that we have observed for yeast genomic DNA, it was decided that an 
alternative to T7 endonuclease I must be found to produce double-strand cuts following 
hydroxyl radical cleavage.  
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2.7 Introduction - S1 nuclease
After a thorough search of DNA cleavage agents, both chemical and enzymatic, 
S1 nuclease was chosen as a possible alternative to T7 endonuclease I for the preparation 
of genomic sequencing libraries to map locations of hydroxyl radical damage to DNA. 
S1 nuclease is a single strand-specific nuclease.  It has been documented to have very 
high cleavage activity for single-stranded regions of DNA, where it catalyses the removal 
of nucleoside monophosphates in a 3'  5' direction (Vogt, 1973).  
S1 nuclease has been used for a variety of applications that require highly 
selective detection of non-duplex DNA.  One of these applications is the targeted induced 
local lesions in genomes (TILLING) assay, in which S1 nuclease is responsible for the 
detection of  heteroduplex formation resulting from PCR performed on damaged or 
mutated DNA genomes (Ferreira et. al., 2008).  It has been shown using this methodology 
that mutations or polymophisms as small as one nucleotide long are able to be detected 
by S1 nuclease (Till et. al., 2004).  A method has been developed to use S1 nuclease and 
peptide nucleic acids (PNAs) as an artificial restriction enzyme for genomic DNA 
(Demidov et. al., 1993).    Use of S1 nuclease for these applications demonstrates its 
highly selective activity within heterogeneous genomic environments.  This suggests that 
S1 nuclease could serve as a candidate for generation of double-strand breaks at gapped 
DNA sites resulting from hydroxyl radical cleavage in genomic DNA.   
The products resulting from S1 nuclease cleavage of gapped DNA are not clearly 
defined in the literature.  This is due in part to the fact that S1 nuclease has not been 
studied using a small scale system capable of single-nucleotide resolution, as is described 
here.  It is also due to the fact that S1 nuclease, with its high activity, is very sensitive to 
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reaction conditions and substrate composition.  
It had been documented, however, that for a 48 base pair long DNA fragment, 
under very mild reaction conditions, S1 nuclease cleavage of gapped DNA produces a 
product that has a single nucleotide overhang at the 3' side of the break (Esteban et al. 
1992).  As mentioned previously, ligation of adapters to the site of hydroxyl radical 
cleavage requires a single nucleotide overhang on the 3' ligating end of the substrate.  The 
presence of an S1 nuclease-derived product that contains a 3' single nucleotide overhang 
would remove the need for repair steps such as those used for T7 endonuclease I (see 
above).  DNA cleaved by S1 nuclease could  potentially be ligated to sequencing adapters 
without further processing, a major advantage in the preparation of sequencing libraries.
2.8 Experimental Design - S1 nuclease 
Experiments were performed in an effort to optimize the S1 nuclease reaction 
with the gapped DNA substrate, such that the major product was one with a single 3' 
nucleotide overhang.  Titration experiments were performed using S1 nuclease to cleave 
gapped DNA, varying reaction temperature, reaction time, salt concentration, and buffer 
concentration.  The optimized conditions for S1 nuclease cleavage of gapped DNA that 
yield the overhang fragment as a major product are discussed below.  
Once appropriate conditions were determined for S1 nuclease cleavage of gapped 
DNA, it was necessary to further investigate S1 nuclease as a potential agent for double-
strand break generation in hydroxyl radical cleavage sequencing library construction.  S1 
nuclease was judged on the same three criteria previously described for T7 endonuclease 
I: substrate selectivity, ligation of adapters, and strand specificity.  As was done 
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previously for T7 endonuclease I, experiments were performed on selectively 
radiolabeled oligonucleotide constructs representing the major products of hydroxyl 
radical cleavage: gapped, and nicked DNA.  
Following radiolabeling of oligonucleotides and annealing of constructs, the DNA 
was reacted with S1 nuclease using the conditions optimized for 3' overhang fragment 
generation as discussed above.  S1 nuclease-cleaved fragments were ligated directly to 
sequencing adapters, without the repair steps used for T7 endonuclease I.  The repair 
steps used in the T7 endonuclease I protocol ensured that there was a 3' adenine overhang 
present to ligate to sequencing adapters containing a 3' thymine overhang.  By 
eliminating the repair steps, the identity of the 3' nucleotide overhang is unknown. 
Within the genome, hydroxyl radical breaks will occur at virtually every nucleotide.  This 
will result in S1 nuclease-generated fragments that contain any of the four possible 
nucleotides at the 3' overhang ligation site.  It was therefore necessary to alter the 
sequencing adapters such that they have all four possible nucleotides at the 3' overhang 
position, instead of the 3' thymine overhang adapters used previously.
2.9 Experimental Procedures - S1 nuclease
2.9.1 Radioactive labeling of oligonucleotides
Procedures were performed as previously described (section 2.3.1).
2.9.2 Purification of radiolabeled oligonucleotides
Procedures were performed as previously described (section 2.3.2).
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2.9.3  Annealing oligonucleotides
Procedures were performed as previously described (section 2.3.3).
2.9.4  S1 nuclease treatment
Concentrations of annealed oligonucleotide duplexes were determined using UV 
spectophotometry.  For S1 nuclease reactions, 50 pmol of radiolabeled DNA construct 
was reacted with 0.01 units of S1 nuclease (Invitrogen) in a buffer containing 1x 
NEBuffer 2 (New England Biolabs), 300 mM sodium chloride, and 0.1 μg single stranded 
DNA in a final reaction volume of 300 μL.  Reactions were allowed to proceed for 10 
minutes at room temperature.  The reactions were quenched by the addition of 
ethylenediaminetetraacetic acid (EDTA) to a final concentration of 10 mM.  DNA was 
ethanol precipitated by addition of 2.5 volumes of 100% ethanol, 1/10 volume of 3 M 
sodium acetate and linear acrylamide.  Precipitated DNA samples were washed two times 
with 70% ethanol and dried using a Savant Speed Vac concentrator.    
2.9.5 Ligation of sequencing adapters
The concentration of DNA in the S1 nuclease-treated sample was measured using 
UV spectrophotometry.  To this sample was added annealed sequencing adapters 
containing a mixture of each of the possible 3' nucleotide overhangs (adenine, cytosine, 
guanine and thymine), in a 4:1 (adapter:sample) molar ratio.  Adapters were ligated using 
1,000 units T4 DNA ligase (New England Biolabs) in 1x T4 DNA ligase buffer (New 
England Biolabs) for 16 hours at 16 ⁰C.  Ligation reactions were cleaned up using a 
QIAQuick nucleotide removal spin-column (Qiagen). DNA was eluted in 50 μL of 
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deionized water.  The DNA was dried using a Savant Speed Vac concentrator.
2.9.6 Visualization of results
The procedure for visualization of samples following gel electrophoresis was 
performed as previously described (section 2.3.8).
2.10 Results - S1 nuclease
The data described in this section are the result of the initial steps of a sequencing 
library preparation protocol applied to a simulated hydroxyl radical-damaged DNA 
molecule.  The first goal of these experiments was to determine the products generated by 
S1 nuclease cleavage of gapped DNA.  The second goal was to decide whether or not S1 
nuclease would be an appropriate candidate for library preparation based on three major 
criteria: substrate specificity, successful ligation and strand selectivity.
2.10.1 Products of S1 nuclease cleavage of gapped DNA
Shown in Figure 2.8 is the effect of a titration of S1 nuclease concentration on 
cleavage of 50 pmol radiolabeled gapped DNA.  From left to right, the amount of S1 
nuclease is increased from 0 units to 0.1 units.  Clear evidence of cleavage products is 
seen, with almost full conversion of the starting DNA at 0.01 units of S1 nuclease.  The 
products consist of two major species, the 1-nucleotide 3' overhang (16 bp) fragment and 
the 1-nucleotide 3' recessed (14 bp) fragment.  Product fragment sizes were determined 
relative to a size standard of 15 bp (lane 6), which represents the length corresponding to 
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a blunt-ended product.
The commonly reported product of S1 cleavage of heteroduplex DNA is the 
blunt-ended fragment (Handbook of Molecular and Cellular Methods in Biology and 
Medicine, page 32).  There are reports, however, that S1 nuclease will produce a 
fragment with a single base overhang under mild conditions (Esteban et al., 1992). 
Surprisingly, in the present experiments the blunt-ended fragment is a minor product, 
with approximately 20% of the overall signal, as compared to 40% each for the 1-nt 
recessed and 1-nt overhang species.  It has been well documented that S1 nuclease is very 
sensitive to reaction conditions, generating differing products under alternative reaction 
conditions (Wiegand et al. 1975).  
Generally, S1 nuclease reactions are performed in a reaction buffer consisting of 
30 mM sodium acetate (pH 4.6) and 1 mM zinc acetate.  Optimal activity for S1 nuclease 
is observed within a pH range of 4-5 (Vogt et. al., 1973).   The activity of S1 nuclease 
requires the presence of a divalent cation, preferably Zn2+.  Studies have shown that S1 
nuclease will cleave DNA in the presence of Mg2+, however reactivity is greatly reduced 
at acid pH (Esteban et. al. 1992).  Initial experiments using the prescribed S1 nuclease 
buffer (30 mM sodium acetate (pH 4.6), 1 mM zinc acetate) produced over-digested 
fragments lacking specific products even at very low S1 nuclease concentrations.  In the 
majority of these experiments, the DNA fragments were converted to single nucleotides. 
This effect can be observed in Figure 2.8.  Despite loading equal amounts of radioactivity 
in each lane of the gel, there is a marked decrease in signal intensity for samples treated 
with 0.01 or greater S1 nuclease (lane 3-5).  This phenomenon was a result of the loss of 
the radiolabel from the 5' end of the DNA molecule as over digestion occurred at the 
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exposed ends of the DNA (results not shown).  
In an effort to reduce the activity of S1 nuclease, the reaction buffer was changed 
to one containing 5 mM NaCl, 1 mM Tris-HCl, 1 mM magnesium chloride, and 0.1 mM 
DTT (pH 7.9).  This buffer reduced the activity of S1 nuclease in two ways.  First, the 
reaction pH was changed from 4.6 to 7.9.  The activity of S1 nuclease is significantly 
decreased in basic buffers.  Also, the zinc cation was replaced with the magnesium cation. 
While still functional with Mg2+ as a co-factor, S1 nuclease activity is greatly reduced. 
Experiments performed after changing the buffer conditions resulted in the clearly 
defined products seen in Figure 2.8.  With the reduction in enzyme activity, not by 
decreasing the units of enzyme used, but instead by changing the reaction buffer, highly 
reproducible results were obtained that show clear cleavage products at anticipated 
locations with very little over-digestion.
2.10.2  Substrate specificity
To be a candidate for use as the double-strand break-generating agent in a 
protocol for producing a sequencing library from hydroxyl radical-damaged DNA, S1 
nuclease reactivity must be optimized such that strand cleavage occurs only where there 
is an existing strand break caused by the hydroxyl radical.  S1 nuclease must cleave the 
DNA strand opposite a gap or nick while leaving intact duplex DNA undamaged.  To 
determine whether or not this occurs with S1 nuclease, two oligonucleotide constructs, 
containing either a gap or a  nick, were selectively radiolabeled and subjected to S1 
nuclease treatment.  Results were visualized as fragments separated on a denaturing 20% 
polyacrylamide gel (Figure 2.9).  
56
Of primary importance is the observation that S1 nuclease reacts with gapped 
DNA in an efficient and highly selective manner.  Comparison of the control sample (no 
S1 nuclease treatment) (lane 1) to S1 nuclease-treated gapped DNA (lanes 2 and 3) shows 
that almost all of the starting material (the 51 bp fragment) has been converted to smaller 
products.  It was expected, due to the single-strand specific nature of S1 nuclease, that the 
majority of the fragments generated would be blunt ended.  Instead, for the gapped 
construct, the major products are fragments of lengths 14 nt and 16 nt, corresponding to 
3' recessed and 3' overhang products, respectively.  The degradation that was observed in 
the previous S1 experiments (Figure 2.8) has been eliminated by alteration of reaction 
conditions.  Signal intensities remain constant from lane to lane, and little to no 
radioactive label loss is occurring.  Very little degradation is seen beyond the products 
mentioned, which indicates that S1 nuclease cuts gapped DNA in a very selective 
manner.   
S1 nuclease also cleaves nicked DNA in an efficient manner.  This is observed in 
the complete conversion of the 51 bp starting material following S1 nuclease treatment 
(lanes 4 and 5) as compared to no S1 nuclease treatment (lane 6).  While the products 
appear to be identical for both gapped and nicked constructs, the product distribution for 
S1 nuclease cleavage of nicked DNA is slightly different from that of the gapped DNA. 
The major product of S1 nuclease cleavage of nicked DNA is blunt-ended DNA (16 nt). 
Minor products contain recessed 3' ends of lengths 15 and 14 nt.  The ratios of the three 
major products remain the same regardless of construct composition.  This is somewhat 
surprising.  Comparable experiments are not available in the literature.  One clue might 
be that the composition of the DNA to the 3' side of the lesion is identical 
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Figure 2.9: S1 nuclease cleavage products seen by 20% denaturing PAGE (top) for 
gapped (lanes 1-3) and nicked (lanes 4-6) model constructs mimicking hydroxyl radical 
damaged DNA.  Controls (lanes 1 and 6) consist of the 51 bp radiolabeled fragment 
without S1 nuclease treatment.  S1 nuclease cleavage reactions were performed in 
duplicate for each construct to determine reproducibility (gapped: lanes 2 and 3; nicked: 
lanes 4 and 5).  Products of S1 nuclease cleavage are depicted in the schematic (bottom) 
for both gapped (left) and nicked (right) substrates.  Product sizes were determined based 
on a size standard of known length. 
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in both constructs.  It is possible that the 3' side of the lesion has a greater impact on the 
product distribution than does the 5' side.  More study is needed to understand this 
phenomenon. 
It is important to note, however, that this is a highly controlled situation with only 
one region of single stranded DNA per molecule. In the context of genomic DNA isolated 
from in vivo cell cultures, it is safe to assume there will be regions within the genomic 
DNA sample which contain single stranded DNA.  These could be located in regions 
where there is strand separation during replication, or in telomeric regions, among other 
locations.  It is not known directly from this study whether or not S1 nuclease will 
interact with these regions in a manner that will make then susceptible to ligation of 
sequencing adapters.   The results from this experiment, however, are positive for the 
DNA structures that can be investigated outside of a genomic context.
2.10.3  Ligation of sequencing adapters
  Preparation of sequencing libraries that can be used to map sites of hydroxyl 
radical damage, using S1 nuclease as the double-strand break generating agent, relies on 
the ability to efficiently and selectively ligate sequencing adapters to the site of a double-
strand break induced by S1 nuclease.  The sequencing adapters are constructed such that 
there is a single nucleotide overhang on the 3' ligating end of the adapter.  Unlike the 
single T overhang used for T7 endonuclease I experiments, this 3' overhang is a mixture 
of each of the four possible bases (adenine, cytosine, guanine and thymine).  Adapters are 
designed in this way so as to capture the 3' overhang-containing S1 nuclease cleavage 
product formed with gapped DNA.  In the context of the genome, the hydroxyl radical 
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cut can occur at any nucleotide position.  This means that the 3' overhang produced by S1 
nuclease cleavage at hydroxyl radical-damaged sites could be in the form of any one of 
the four possible bases.  To effectively ligate as many of these 3' overhang products as 
possible, adapters must be used which can form a base pair at each ligation locus.  The 
other end of the adapter is blunt and so is blocked from ligation.    
Shown in Figure 2.10 is an experiment to test the efficiency and selectivity of 
ligation of sequencing adapters to S1 nuclease cleaved DNA.  Each ligation experiment 
was performed in duplicate to assess reproducibility.  The DNA starts as a gapped 
structure with the intact (51 bp) strand radiolabled (lane 1).  The gapped DNA is then 
treated with S1 nuclease (lane 2).  This reaction produces the expected fragment sizes of 
16, 15, and 14 nt as major products, as compared to a size standard of known length 
representing the length of the blunt-ended fragment (lane 7).  These fragments correspond 
to the 1 nt overhang, blunt, and 1 nt recessed products, respectively.  The S1 nuclease-
treated samples were then ligated in the presence of sequencing adapters.  A band shift 
(lanes 3 and 4) resulting from ligation to the adapters is observed for the 16 nt long 
fragments.  The change in mobility of the short fragments following ligation is 
complicated by the band shift that results from incomplete ligation (see page 41). 
However, the presence of a distinct ligation product for samples that have been ligated in 
the presence of adapters, along with the lack of products for ligations without adapters, 
indicates that ligation occurs only for molecules that contain a single-nucleotide 
overhang.  The nature of the adapters (single N-overhang) therefore requires a 
corresponding single N-overhang in the sample for successful ligation. 
As a control, ligation reactions were performed in the absence of sequencing 
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Figure 2.10: Ligation of S1 nuclease-cleaved gapped DNA to sequencing 
adapters seen on a 20% denaturing PAGE (left). Gapped DNA (lane 1) is treated 
with S1 nuclease (lane 2) and ligated in the presence (lanes 3 and 4) and absence 
(lanes 5 and 6) of adapters.  Bands marked with a red asterisk are thought to be 
due to incomplete ligation, and are described on page 41. Products sizes were determined 
relative to a 15 nt size standard (lane 7). The right panel shows a schematic 
representation of the product of these reactions.
62
63
adapters (lanes 5 and 6).  This is to ensure that the products observed in the previous 
ligation reactions were not the result of ligation between cleavage fragments instead of to 
sequencing adapters.  As expected, no shift in mobility corresponding to ligation products 
was observed for ligation reactions in the absence of adapters. 
2.10.4 Strand specificity
As mentioned previously, it is critical for downstream analysis of sequencing data 
that each site of hydroxyl radical damage be sequenced only once.  The gap structure that 
results from hydroxyl radical cleavage, when processed by S1 nuclease, is converted into 
two fragments of DNA, each containing one side of the hydroxyl radical cleavage 
product.  If both sides were to be ligated to adapters and sequenced, the effect would be 
to map the double strand break and not the site of hydroxyl radical damage.  It has been 
shown that the 5' side of the hydroxyl radical cleavage event can be ligated to sequencing 
adapters.  It is therefore essential to ensure that the fragment generated on the 3' side of 
the hydroxyl radical damage site will not ligate to the adapter.  The result is that each 
hydroxyl radical cleavage event is only sequenced once, thereby ensuring that each 
hydroxyl radical cleavage will map to a unique place on the DNA molecule.
In order to test this hypothesis, a radiolabel was added to the oligonucleotide 
corresponding to the 3' side of the hydroxyl radical cleavage event.  This construct was 
treated with S1 nuclease, and then an attempt was made to ligate these products to the 
sequencing adapters.  The same ligation conditions were used that were successful in 
attaching the sequencing adapter to the 5' side of the hydroxyl radical damage site.  
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The results in Figure 2.11 show that the 3' side of the hydroxyl radical cleavage 
site is not able to ligate to the sequencing adapters using this protocol.  The gapped 
construct, radiolabeled on the 3' side of the damage site (lane 1), was treated with S1 
nuclease (lane 2).  There is no observed change in mobility, indicating that S1 nuclease 
does not have an effect on the 3' damage site.  Ligation reactions were performed both in 
the presence (lane 5) and the absence (lanes 3 and 4) of sequencing adapters.  In all cases 
no ligation products are observed, and no change in the initial 35 nt band is seen.  This 
demonstrates that the S1 nuclease method for producing double-strand breaks from 
hydroxyl radical cleavage samples allows for selective ligation of  adapters on only one 
side of the hydroxyl radical cleavage site, ensuring that sequencing reads map each 
damage site to a unique nucleotide.
2.11 Discussion – S1 nuclease
Experiments using a model system that mimics DNA resulting from a hydroxyl 
radical cleavage event demonstrate that S1 nuclease can be considered to be an 
appropriate agent to produce a double-strand break opposite a hydroxyl radical lesion. 
This conclusion is based on the ability of S1 nuclease to meet the three major criteria 
required: selectivity in cleavage, ligation of adapters, and ligation site specificity.  These 
experiments, performed on a highly controlled oligonucleotide construct, allowed for 
detailed analysis of the products resulting from strand cleavage by S1 nuclease and the 
development of a protocol that can render those products able to ligate to sequencing 
adapters.
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Figure 2.11: Ligation of S1 nuclease-cleaved gapped DNA to sequencing 
adapters seen on a 20% denaturing PAGE (left). Gapped DNA (lane 1) is treated 
with S1 nuclease (lane 2) and ligated in the presence (lane 5) and absence 
(lanes 3 and 4) of adapters.  Lengths of products were determined relative to a DNA size 
standard (lane 7). The right panel shows a schematic representation of the 
product of these reactions.
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It has been shown that with careful control of S1 nuclease reaction conditions, 
production of products that are ideally suited for ligation to sequencing adapters can be 
achieved.   Similar to previous observations, altering both the buffer pH and the identity 
of the divalent cation in the S1 nuclease reactions lowers the enzyme activity sufficiently 
to permit use in selective cleavage of gapped DNA.  Additionally, with the developed 
protocol, there is no need for separate enzymatic repair steps, saving both time and 
possible errors in library generation.    
It is important to note, however, that the DNA molecules studied in these 
experiments were highly purified, small DNAs with a well-defined region of single-
stranded DNA.  Ultimately, the developed protocol must be implemented in the relatively 
large, structurally diverse genome of S. cerevisiae.  As S1 nuclease is known to cleave 
single-stranded regions with high activity, it can be anticipated that the complex genetic 
landscape of the S. cerevisiae genome would result in some non-specific cleavage by S1 
nuclease.  Since ligation can be accomplished without end repair, and the presence of a 
single base 3' overhang is necessary for successful ligation, the majority of the non-
specific cleavages by S1 nuclease should not be able to ligate to sequencing adapters, and 
therefore should not yield background signal in the sequencing results.
2.12 Conclusions - S1 nuclease
S1 nuclease has been shown to cleave efficiently and selectively a synthetic 
oligonucleotide construct that mimics the gapped product of hydroxyl radical cleavage. 
For this highly controlled DNA construct, a protocol was developed for the selective 
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ligation of a sequencing adapter to a site of hydroxyl radical damage.  S1 nuclease was 
shown to have no effect on non-damaged (intact) DNA molecules.  The cuts resulting 
from S1 nuclease were able to be selectively ligated on only one side of the hydroxyl 
radical damage site.
Comparison between the protocols developed for S1 nuclease and T7 
endonuclease I shows a clear benefit to the use of S1 nuclease as a DNA cleavage agent. 
One of the major products of S1 nuclease cleavage can be ligated directly to sequencing 
adapters with no further enzymatic repair steps necessary.  While S1 nuclease cleaves 
single-strand regions of DNA, the products formed from S1 nuclease cleavage differ 
based on the nature of the single stranded region.  Of the possible products resulting from 
S1 nuclease cleavage, only those that occur at gapped DNA will be able to ligate to 
sequencing adapters, removing the majority of the non-specific cleavage signal.  The 
need to use repair enzymes in the T7 endonuclease I protocol means that all products of 
T7 cleavage (including non-specific cleavages) will be repaired to a single product type 
and thus will ligate to sequencing adapters, introducing noise into the experiment.     
One drawback of the S1 nuclease protocol is that the method described ligates 
sequencing adapters to at most 50% of the sites cleaved by the enzyme.  This is due to the 
product distribution seen in Figure 2.10.  Only those fragments that contain a 3' overhang 
will ligate to sequencing adapters, leaving behind other hydroxyl radical-induced 
cleavages.  The major consequence of this is that it is likely that many more hydroxyl 
radical cleavage sites (i.e., a greater amount of starting material) will need to be cleaved 
by S1 nuclease in order to achieve the same signal as that produced by T7 endonuclease I, 
which captures approximately 85% of the cleavage sites.  Despite this drawback, the 
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benefit of not having to repair the DNA prior to ligation of the first sequencing adapter, 
thus eliminating the majority of the background signal, makes S1 nuclease a better 
candidate for use in a protocol for mapping hydroxyl radical damage in the S. cerevisiae 
genome.     
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Chapter 3: Development of a Methodology for Mapping in vivo Hydroxyl Radical 
Damage to the S. cerevisiae genome using Illumina Sequencing
3.1 Introduction
The relatively small genome of S. cerevisiae has often been chosen for the 
development of new genome-scale techniques.  These techniques, once developed in 
yeast, can be then be scaled up to the larger eukaryotic genomes C. elegans  and H. 
sapiens.  Of particular importance for the development of a new method for mapping 
genome scale interactions is the available of prior experimental data to serve as proof of 
principle.  There are well established experiments that have been used to map DNA-
protein interactions in S. cerevisiae (ChIP-seq, DNase-seq, FAIRE, and many other 
DNA-protein detection techniques (Lefrançois et al. 2009; Wal et al. 2012; Lee et al., 
2013)).  These data sets will provide useful points of comparison for determining the 
validity of our new hydroxyl radical mapping technique.  
The technique presented in this thesis was developed for use with the Illumina 
high-throughput DNA sequencing platform using single-end sequencing.  While there are 
established protocols for the production of genome-wide maps of DNA-protein 
interactions using the Illumina sequencing platform, the unique nature of the hydroxyl 
radical probing technique requires alteration of these protocols in a few key areas.  What 
follows is a description of the adaptation of these protocols for use in genome-wide 
hydroxyl radical mapping using Illumina sequencing.   
3.2 Sequencing library preparation overview
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Preparation of a single-end Illumina sequencing library requires the sequential 
ligation of two distinct sequencing adapters flanking a 200-600 base pair fragment of 
genomic DNA.   The sequencing adapters are designed  to incorporate a DNA sequence 
that will hybridize to a DNA strand attached to the flow-cell of an Illumina sequencer. 
Current protocols for preparation of these libraries require the presence of a double-strand 
break at the location of interest, to which is attached an adapter.  As mentioned 
previously, the products generated from a hydroxyl radical cleavage event are a duplex 
DNA containing either a nick or a gap. The first modification to the typical library 
preparation protocol is the generation of a DSB at the precise location of hydroxyl radical 
damage.  As detailed in Chapter 2, a technique to use S1 nuclease to convert single-strand 
breaks caused by hydroxyl radicals into double-strand breaks was developed using a 
synthetic oligonucleotide model system.  
Once a DSB is generated using S1 nuclease, the DNA must be ligated to an 
Illumina sequencing adapter containing a terminal biotin tag.  The DNA must then be 
converted to fragments of appropriate  length (200-600 base pairs) for sequencing on the 
Illumina platform.  Typical Illumina sequencing library preparation protocols facilitate 
the production of DNA fragments of this length through use of a mechanical shearing 
step using Covaris technology.  Due to equipment limitations, it was necessary to find 
and optimize an alternative method of generating 200-600 base pair fragments for our 
genomic DNA samples.  This was performed  by using an enzyme-based system, dsDNA 
fragmentase (New England Biolabs).  Following fragmentation of the DNA, DNA 
molecules that are in the 200-600 base-pair size range and that contain a biotinylated 
sequencing adapter are size selected by electrophoresis and isolated using streptavidin 
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beads.  The fragmented DNA is end-repaired and a second sequencing adapter is 
attached.  The DNA is PCR-amplified, and quality control steps are performed to obtain a 
DNA library within the appropriate size range wthat is ready to be sequenced.  What 
follows is a detailed description of each step of this library preparation procedure.
3.2.1 Experimental design - irradiation and DNA isolation
Cultured S. cerevisiae cells were exposed to a 60Co gamma radiation source with a 
dosage rate of approximately 120 Gy/min.  This radiation exposure results in the 
generation of hydroxyl radicals within the cell from the breakdown of intracellular water 
molecules.  The hydroxyl radicals abstract hydrogens from solvent-accessible areas along 
the genomic DNA backbone.  Similar experiments in which yeast cells were exposed to 
radiation have been reported.  These studies were largely interested in generating 
extensive damage to the genomic DNA in the form of double strand breaks to enable the 
study of DNA repair.  These studies found that the dose of radiation that results in 
double-strand breaks is dependent on the type of radiation (x-ray, neutron, etc.) and the 
dose rate (Pötter et al., 2001; Löbrich et al., 1993; Roots et al., 1985).   To obtain accurate 
hydroxyl radical footprints, however, it is necessary to limit the radiation dosage such 
that double-strand breaks do not occur.  
It was necessary to first determine the dosage of radiation that results in creating 
hydroxyl radical damage in genomic DNA without the creation of DSBs.  Yeast cell 
cultures were exposed to increasing radiation dosage, followed by immediate freezing to 
prevent DNA repair.  To determine the correct radiation dosage, it was necessary to 
extract genomic DNA from the yeast cells to analyze DNA damage.  
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The large size of yeast genomic DNA makes it susceptible to mechanical damage 
using conventional yeast DNA extraction techniques.  Excessive pipetting and exposure 
to harsh reagents results in single-strand and double-strand breaks in genomic DNA 
(Current protocols in molecular biology, unit 2).  It was important to limit these external 
causes of DNA damage to prevent spurious false positive results downstream.  To do this, 
genomic DNA was isolated within agarose plugs.  Embedding irradiated cells in agarose 
plugs prior to DNA extraction allows for gentle DNA extraction, which limits mechanical 
damage to genomic DNA.  While in agarose, the cells are lysed and cellular proteins are 
degraded and removed.  
 The genomic DNA from irradiated cells, once isolated in agarose plugs, was 
analyzed using pulsed field gel electrophoresis (PFGE).  PFGE uses a ramped electrical 
current with alternating directionality to separate large DNA molecules that are not able 
to be resolved using conventional agarose gel electrophoresis (Schwartz et al. 1984; Carle 
et al. 1984).  Using PFGE the individual chromosomes that constitute yeast genomic 
DNA can be separated and visualized.  Excessive damage to genomic DNA is observed 
as the disappearance of chromosome bands resulting from DSBs.  With a control (non-
irradiated) yeast genomic DNA sample as a reference, an appropriate radiation dosage 
that maximized the amount of hydroxyl radical damage without the generation of double 
strand breaks was determined qualitatively.  This dosage of radiation was then used for all 
subsequent library preparations. 
3.2.2 Experimental design - S1 nuclease cleavage
The preparation of libraries suitable for Illumina sequencing requires single-strand 
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hydroxyl radical damage sites to be converted to double-strand breaks prior to ligation of 
the first sequencing adapter.  Chapter 2 describes the development of a protocol to 
produce DSBs from hydroxyl radical damage using S1 nuclease.  It was found that the 
high activity of S1 nuclease requires careful titration of the enzyme to prevent unwanted 
degradation of the DNA. 
In order to titrate the amount of S1 nuclease required for selective cleavage of 
hydroxyl radical-damaged yeast genomic DNA, the enzyme was added in gradually 
increasing amounts to the agarose-embedded irradiated yeast genomic DNA.  Identical 
amounts of enzyme were added to control (non-irradiated) yeast genomic DNA. 
Following the S1 nuclease reactions, the resulting cleavage products were observed for 
control and irradiated samples using both PFGE and conventional agarose gel 
electrophoresis.   Ideal conditions for the S1 nuclease reaction were defined as those that 
produce double-strand breaks in irradiated yeast genomic DNA while leaving the control 
DNA largely intact.  Double-strand breaks were visualized as a decrease in intensity of 
chromosome bands (PFGE) as well as the presence of inter-chromosomal smearing and 
the generation of smaller (1-3 kb) fragments (agarose electrophoresis).  The optimized S1 
nuclease conditions were used for all subsequent library preparations. 
3.2.3 Experimental design - ligation of adapter 1
Following S1 nuclease digestion, genomic DNA is prepared for ligation to the 
first sequencing adapter.  Ligations within the protective agarose plugs are extremely 
inefficient, likely due to the low rate of diffusion of both ligase and adapters into the 
plug.  To improve the efficiency of ligation, the genomic DNA was removed from the 
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agarose plugs.  This is achieved by digestion of the plugs using β-agarase (New England 
Biolabs).  β-agarase digests polymerized agarose into individual polysaccharides that can 
be removed by ethanol precipitation, leaving isolated DNA.  
There is potential that unwanted DNA damage can occur during this isolation 
process.  For high quality libraries, it is necessary to ensure that ligation to the first 
sequencing adapter does not occur in control samples due to handling damage or to 
unwanted cleavage by S1 nuclease.  Ligation of the small (26 base pair) sequencing 
adapter to the relatively large (2 kbp - 2 Mbp) genomic DNA cannot be directly 
visualized by gel electrophoresis.  In order to determine whether ligation was occurring in 
control and irradiated yeast genomic DNA, a radioactive label was added to the 
sequencing adapter.  Any ligations that occur can then be directly visualized by PFGE as 
the appearance of a radioactive signal within the sample lane.  Successful DNA extraction 
and ligation conditions were defined as those that limited radioactive signal in the control 
(non-irradiated) samples while maximizing the signal in irradiated preparations. 
Optimized conditions for both isolation and ligation were used for all subsequent library 
preparations.
3.2.4 Experimental design - DNA fragmentation and size selection
Following ligation of sequencing adapter 1,  the genomic DNA must be sheared 
and size selected.  The Illumina sequencing platform is optimized to sequence DNA 
samples that range in size from 200-600 base pairs.  Typical library preparation involves 
a mechanical DNA shearing process using the Covaris technology.   In order to replicate 
this process without the use of Covaris, yeast genomic DNA was enzymatically sheared 
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using dsDNA fragmentase (New England Biolabs). 
The dsDNA fragmentase is a combination of two enzymes.  One enzyme is a 
nicking endonuclease that creates nicks randomly along the DNA phosphate backbone. 
The other enzyme is a mutant form of T7 endonuclease I that is designed for increased 
activity.  The mutant T7 endonuclease I locates nicks created by the nicking endonuclease 
and cleaves the DNA strand opposite, generating DSBs.  When properly optimized, this 
combination of enzymes shears large genomic DNA into a well controlled range of 
product sizes.  
To ensure proper conditions for the dsDNA fragmentase reaction, samples were 
analyzed by agarose gel electrophoresis.  Conditions were optimized to produce a spread 
of dsDNA fragmentase products that fell predominantly within the range of 200-600 base 
pairs.  Following fragmentation, DNA was size selected by excising from the agarose gel 
the 200-600 base pair region.  This was followed by isolation of the DNA from the 
excised piece of agarose gel. 
3.2.5 Experimental design - isolation of genomic DNA ligated to sequencing 
adapter 1, end-repair, and ligation of sequencing adapter 2
The 200-600 bp fragmented genomic DNA contains a mixture of fragments 
ligated to adapter 1, as well as unligated DNA (see Figure 3.1).  To properly process the 
DNA ligated to sequencing adapter 1, it must be separated from the remaining genomic 
DNA.  Sequencing adapter 1 is designed such that the terminal (non-ligating) end of the 
adapter contains a biotin tag.  This biotin tag allows for the separation of adapter 1-
ligated DNA from unligated DNA using magnetic streptavidin beads.  Any DNA that is 
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ligated to sequencing adapter 1 will be captured by the beads due to the streptavidin-
biotin interaction.  Any fragments of DNA that are not ligated to sequencing adapter 1 are 
then washed away.
The adapter 1-ligated DNA, tethered to streptavidin beads, is repaired in 
preparation for ligation of the second sequencing adapter.  The first step of the repair 
process seals any nicks in the DNA backbone and blunts the DNA end.  E. coli DNA 
ligase for fragmentase (New England Biolabs) repairs any of the nicks created in the 
DNA during fragmentation that weren't properly converted into DSBs.  As shown in 
Chapter 2, T7 endonuclease I-mediated DSBs result in 3' recessed ends.  To repair the 
ends fragmented by T7 endonuclease I, T4 DNA polymerase I is used as a blunting 
enzyme.  T4 polynucleotide kinase is also added in the initial repair step to ensure that the 
fragmented DNA contains the appropriate ends required for ligation (5' phosphate and 3' 
hydroxyl) due to its 5' phosphorylation and 3' phosphatase activities. 
Once the DNA has been repaired and blunted, an additional adenine must be 
added to the 3' end of the fragment to enable pseudo "sticky-end" ligation to the second 
sequencing adapter, which contains a single thymine overhang.  The adenine overhang is 
produced by reaction of the blunted DNA with Klenow (3' → 5' exonuclease-) and dATP. 
Once the overhang is generated, sequencing adapter 2 is ligated to the  DNA.  
3.2.6 Experimental design - library amplification
The final step in the preparation of a sequencing library of hydroxyl radical-
damaged DNA is PCR amplification of the streptavidin-tethered, doubly-ligated DNA 
templates.  Template DNAs that have been successfully ligated to sequencing adapters 1 
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and 2 are amplified by PCR using Phusion polymerase (New England Biolabs) and 
primers specific to DNA sequences located in sequencing adapters 1 and 2.  Following 
amplification, template DNA remains tethered to streptavidin beads, while the resulting 
PCR-amplified product is removed and analyzed for library quality.
Library quality is assessed by Bioanalyzer analysis.  The resulting 
electropherograms report library concentration and quality.  A properly prepared library 
contains PCR-amplified DNA with a size range of 200-600 base pairs in an irradiated 
sample and a minimal amount of amplified DNA in the control (non-irradiated) sample. 
Viable sequencing libraries must have a final DNA concentration of at least 10 nM.  DNA 
sequencing libraries that meet the above criteria are then further purified.
3.2.7 Experimental design - purification of PCR amplified sequencing libraries
Sequencing libraries must be of high quality.  Contaminating species primarily 
result from adapter dimerization due to non-specific ligation.  These species appear as an 
approximately 50 base pair-long fragment following PCR amplification.  Since these 
products contain a sequence capable of hybridization to an Illumina sequencing flow-cell, 
they could potentially interfere with the sequencing process.  These species are removed 
from the library sample by an additional size selection step.  Prepared libraries are 
electrophoresed on an agarose gel.  A gel segment containing DNA within the desired 
200-600 base pair region is excised, and the DNA is isolated from the agarose. 
Following gel extraction, libraries are analyzed for purity using the Bioanalyzer.
3.2.8 Experimental design - analysis of library purity
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As a final test of sequencing library quality, a quantitative PCR (qPCR) 
experiment is carried out to determine the relative quantities of genomic DNA in both 
control (non-irradiated) and irradiated libraries.  Signal in the control samples constitute 
background contamination, largely as a result of damage created during library 
preparation or due to non-specific cleavage by S1 nuclease.  The goal is to limit the 
amount of background contamination in the control samples.  Properly prepared 
sequencing libraries will have control samples with less than 20% of the genomic DNA 
signal when compared to the irradiated samples.  qPCR experiments are used to measure 
relative amounts of products between control and irradiated libraries, using primers for 
the sequencing adapters as well as primers for a variety of genes throughout the genome. 
Libraries with controls that contain less than 20% of the total signal of the experimental 
sample are considered appropriate for sequencing.    
3.3 Experiment procedures - sequencing library preparation
3.3.1 Yeast growth and harvest
S. cerevisiae cells of the wild-type strain BY4741 (MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0) were plated on YPD-agar culture plates using sterile technique. 
Culture plates were placed at 30 ⁰C for 24 hours.  A single yeast colony was placed into 5 
mL of autoclaved YPD media.  Cultures were incubated at 30 ⁰C for 12 hours with 
shaking.  Following incubation, 1 mL of starter culture was added to 1 L of autoclaved 
YPD media.  The culture was incubated at 30 ⁰C with shaking for approximately 16 
hours.  After 12 hours of incubation, aliquots of the culture were removed at hourly 
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intervals and the A260/A280  ratio was measured to establish a growth curve.  Growth was 
allowed to continue until the yeast had reached mid-log phase.  The cell culture was then 
split in half and placed on ice in preparation for irradiation.
3.3.2 Irradiation
Yeast cells were transported on ice to the Massachusetts Institute of Technology 
campus, where half of the cell culture was irradiated on ice using a Gammacell gamma-
ray irradiator with a dose rate of ~120 Gy/min.  The remaining half of the sample was 
kept on ice and served as the control.  Following irradiation, all cells were flash frozen in 
a dry ice/ethanol mixture and placed on dry ice for transport back to Boston University. 
Cells were kept at -80 ⁰C until ready for DNA isolation.
3.3.3 DNA  isolation
Yeast genomic DNA was isolated from cells using a CHEF Genomic DNA Plug 
Kit (Bio-Rad).  Yeast cells were thawed and a 10 μL aliquot was diluted with 990 μL of 
deionized water for cell counting.  The diluted cells were loaded onto a hemocytometer 
and were counted using a microscope.  Cell culture concentrations were determined, and 
1.8x109 cells were removed to make 1 mL of agarose plugs.  The cell culture was 
centrifuged at 5100 rpm for 15 minutes at 4 ⁰C.  The supernatant was removed, and the 
cell pellet was resuspended in 500 μL of cell suspension buffer (Bio-Rad).  Cells were 
then equilibrated at 50 ⁰C for 15 minutes in a water bath  To the cells, 30 μL of lyticase 
and 500 μL of molten 2% low-melt agarose was added.  Cells were mixed thoroughly and 
pipetted into provided plug molds (~95 μL per mold).  The molds were placed at 4 ⁰C for 
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15 minutes until the agarose solidified.  Plugs were then removed from the molds and 
soaked in 2.5 mL lyticase buffer (Bio-Rad) and 85 μL lyticase stock (Bio-Rad) for 4 
hours at 37 ⁰C.  Lyticase buffer was removed and plugs were washed three times with 
deionized water.  To the plugs was added 2.5 mL of Proteinase K buffer (Bio-Rad) and 
100 μL  of Proteinase K stock (Bio-Rad).  Plugs were placed at 50 ⁰C for 16 hours.  The 
Proteinase K buffer was then removed and the plugs were washed three times with 
deionized water.  The plugs were then washed for 1 hour at room temperature in 10 mL of 
wash buffer (Bio-Rad).  The wash step was repeated four times.  After the final wash, 
cells were stored at 4 ⁰C in wash buffer until ready for use.  
For each agarose plug preparation, a pulsed field gel was run to determine the 
quality of the isolated DNA.  One plug from each plug preparation was soaked in 1 mL of 
0.1x TBE for 1 hour at room temperature.  The plug was then loaded onto a 1% mega-
base agarose (Bio-Rad) gel and the gel was run with the following settings: Voltage 
gradient: 6 V/cm, initial switch time: 1 minute, final switch time: 2 minutes, angle: 120⁰, 
run time: 24 hours, ramp: linear.  When electrophoresis was completed, the gel was 
removed and stained using ethidium bromide.  The gel was visualized using a UV 
transilluminator, and DNA quality was assessed.    
3.3.4 S1 nuclease treatment
For each library preparation, 18 agarose plug were placed into separate 1.7 mL 
Eppendorf microcentrifuge tubes.  Plugs were soaked for 1 hour in 1x S1 nuclease buffer 
(Invitrogen).  The buffer was removed and 500 μL of 1x S1 nuclease buffer was added to 
the tubes.  A serial dilution of stock S1 nuclease (1790 U/μL) was prepared to give a 
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working concentration of 0.001 U/μL.  For S1 nuclease titration experiments, a range of 
units of S1 nuclease was added from 0.001-0.1 U in increments of 0.005 U.  The ideal 
concentration of S1 nuclease was determined based on this method, and used for 
subsequent library preparations.  The S1 nuclease reactions were allowed to proceed for 1 
hour at room temperature.  The reaction buffer was then removed. 
3.3.5 Digestion of agarose plugs
Following S1 nuclease treatment, plugs were soaked in 1x β-agarase buffer for 
one hour on ice.  The buffer was removed and plugs were placed at 65 ⁰C for 
approximately 5 minutes until melted.  Melted plugs were combined using careful 
pipetting with 200 μL wide-bore pipette tips to yield 6 tubes, each containing three 
melted plugs.  To each tube, 6 μL of β-agarase was added.  The tubes were kept at 50 ⁰C 
for 3 hours.  
After agarose digestion, 1/10 volume of 3M sodium acetate was added and tubes 
were kept at 4 ⁰C for 15 minutes.  Tubes were centrifuged at 5100 rpm for 15 minutes at 4 
⁰C.  The supernatant was carefully removed and the DNA precipitated by addition of  2.5 
volumes of 100% ethanol.  Precipitated DNA was washed 5 times with 70% ethanol and 
allowed to air-dry.   
3.3.6 Ligation of sequencing adapter 1
After agarose plug digestion, the six tubes of DNA were rehydrated in a total 
volume of 50 μL of EB buffer (Qiagen) for 1 hour at 37 ⁰C with gentle agitation of the 
tubes every 15 minutes.  The concentration of the DNA was measured by UV 
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spectrophotometry.  For each set of libraries (control and irradiated), 20 μg of DNA was 
removed for ligation.  Sequencing adapter 1 was added in a molar ratio of 4:1 
(adapter:genomic DNA).  Ligations were performed using 800 units of T4 DNA ligase 
(New England Biolabs) in 1x T4 DNA ligase buffer (New England Biolabs) for 16 hours 
at 16 ⁰C.  Following ligation, DNA was isolated by precipitation with 2.5 volumes of 
100% ethanol and 1/10th volume 3M sodium acetate.  Precipitated DNA was washed two 
times with 70% ethanol and allowed to air-dry.     
3.3.7 DNA fragmentation and size selection
Genomic DNA ligated to sequencing adapter 1 was rehydrated in 50 μL of EB 
buffer (Qiagen) for 1 hour at 37 ⁰C with gentle agitation every 15 minutes.  The 
concentration of DNA was determined by UV spectrophotometry.  For each sample 
(control and irradiated), 12 μg of DNA was removed and two 6 μg fragmentation 
reactions were performed.  The contents of each fragmentation reaction was as follows: 6 
μg genomic DNA, 1x dsDNA fragmentase buffer, 100 μg/mL bovine serum albumin, and 
6 μL of dsDNA fragmentase in a total volume of 60 μL.  Reactions were allowed to 
proceed at 37 ⁰C for 45 minutes.  The DNA was purified using a QIAQuick PCR clean-
up spin column.  The DNA was eluted with 50 μL of EB buffer and the volume was 
reduced to 25 μL using a Savant Speed Vac concentrator  
To each sample, 5 μL of 5x native loading dye (Qiagen) was added.  The samples 
were electrophoresed on a 2% agarose gel pre-stained with ethidium bromide (0.002%) at 
150 V and 100 mA for approximately 2 hours (until bromophenol blue was 
approximately 2/3 down the gel).  The gel was visualized with a UV transilluminator and 
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the region corresponding to 200-600 base pairs (relative to a 50 base pair ladder) was cut 
out and placed into a tube for gel extraction.  DNA was isolated from the agarose gel 
using a QIAQuick gel extraction spin-column.  The DNA was eluted in 50 μL of EB 
buffer.  The volume was reduced to 15 μL using a Savant Speed Vac concentrator.     
3.3.8 Isolation of ligated fragments, DNA repair/A-tailing, and ligation of 
sequencing adapter 2
M-280 streptavidin magnetic beads were prepared for isolation of sequencing 
adapter 1-ligated DNA.  From the magnetic bead stock, 30 μL of beads were removed for 
each library and placed in a magnetic tube rack (Invitrogen).  The supernatant was 
removed and the beads were washed with 30 μL of 1x bind and wash buffer (5 mM Tris-
HCl (pH 7.5), 0.5 mM EDTA, 1 mM NaCl).  Tubes were placed on the magnetic rack and 
the supernatant was removed.  This wash step was repeated five times, and then the tubes 
were removed from the magnetic rack.  The size-selected DNA (15 μL) was prepared for 
binding by the addition of 15 μL of 2x bind and wash buffer.  The DNA was then added 
to the washed beads and allowed to bind for 2 hours at room temperature with gentle 
agitation every ten minutes. 
After binding, tubes were again placed on the magnetic rack and the supernatant 
was removed.  The beads were washed ten times with 1x bind and wash buffer as 
previously described.  The tubes were removed from the magnetic rack and the bound 
DNA was repaired using the following treatment: 1x T4 DNA ligase buffer, 0.5 μL E.coli 
DNA ligase for fragmentase, 10 units T4 polynucleotide kinase, 3 units T4 DNA 
polymerase and 33 μM dNTP, in a total volume of 50 μL.  The reaction was allowed to 
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proceed for 1 hour at room temperature with gentle agitation of the reaction tube every 15 
minutes.  After the reaction, the tubes were placed on the magnetic rack and the 
supernatant was removed.  The beads were washed five times with 1x bind and wash 
buffer as previously described.
The tubes were removed from the magnetic rack and the A-tailing reaction was 
performed using the following conditions: 1x NEBuffer 2, 33 μM dATP, and 10 units 
Klenow (3' → 5' exonuclease-), in a total volume of 50 μL for 30 minutes at 37 ⁰C.  After 
the reaction, tubes were placed on the magnetic rack and the supernatant was removed. 
The beads were then washed five times with 1x bind and wash buffer.
Sequencing adapter 2 was ligated to the bead-bound DNA using the following 
conditions: 1x T4 DNA ligase buffer, 2:1 molar ratio (adapter:template) sequencing 
adapter 2, and 800 units T4 DNA ligase, in a total volume of 50 μL, for 16 hours at 16 ⁰C. 
Following ligation, tubes were placed on the magnetic rack and the supernatant was 
removed.  The beads were washed ten times with 1x bind and wash buffer.  
3.3.9 Library amplification
Bead-bound DNA was amplified using the following conditions: 1x Phusion 
polymerase buffer, 33 μM dNTP, 10 nmol primer for adapter 1, 10 nmol primer for 
adapter 2, 10 units Phusion polymerase, in a total volume of 250 μL.  Samples were 
mixed well, then transferred into five 0.2 mL thin-walled PCR tubes, each containing 50 
μL.  PCR was performed with the following program: 30 seconds at 90 ⁰C,18 cycles of: 
10 seconds at 98 ⁰C, 30 seconds at 65 ⁰C, 30 seconds at 72 ⁰C, 5 minutes at 72 ⁰C.
After PCR, samples were combined and placed on a magnetic rack.  The 
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supernatant containing the amplified library was removed from the beads and purified 
using a QIAQuick PCR clean-up spin column.  DNA was eluted from the column in 50 
μL of EB buffer.  Completed libraries were tested for quality and quantity using the 
Bioanalyzer according to the manufacturer provided instructions.    
3.3.10 Library purification
Completed libraries were purified by size selection using agarose gel 
electrophoresis.  After the addition of 5x loading dye (Qiagen), the prepared libraries 
were loaded onto a 2% agarose gel pre-stained with ethidium bromide.  The gel was run 
in 1x TAE at 150 V and 100 mA for approximately 2 hours (until bromophenol blue dye 
traveled 2/3 down the gel).  The gel was then visualized by a UV transilluminator, and the 
region of the gel corresponding to 200-600 base pairs (relative to 50 base pair ladder) was 
excised and placed in a tube for gel extraction.  Extraction of the DNA from the gel was 
done using a QIAQuick gel extraction spin column. The DNA was eluted in 50 μL of EB 
buffer and analyzed for purity and concentration using the Bioanalyzer according to the 
instructions provided by the manufacturer.
3.3.11 Analysis of library quality - quantitative PCR
Quantitative PCR experiments were performed using a SYBR Green JumpStart 
Taq ReadyMix for Quantitative PCR kit (Sigma) containing 2x master mix reagents and 
100x Syber green reference dye.  The concentration of the template DNA (prepared 
irradiated sequencing library) was determined via Bioanalyzer analysis.  A 100 nM 
working solution of template DNA was prepared .  A serial dilution was made of the 
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T1     = irradiated 
            DNA template
T2     = control 
            DNA template
NTR = no template 
           present in 
reaction
= sequencing 
   primers
= pho5 primers
= fun30 primers
= bud5 primers
= mitochondrial DNA 
   primers
Figure 3.2: Design of 384-well plate for qPCR analysis of completed sequencing 
libraries.
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working template DNA solution in increments of 1/10, 1/100, and 1/1000.  Control 
template DNA (prepared non-irradiated sequencing library) was used without dilution, as 
the starting concentration was lower than 100 nM.  Quantitative PCR reactions were 
performed for each library preparation using primers for the sequencing adapters, for 
yeast genes pho5, fun30, and bud5, and for mitochondrial DNA.  qPCR reaction mixtures 
were prepared containing: 1x master mix reagents, 1x reference dye, 100 nM primer 1, 
100 nM primer 2, 1 μL template DNA, Total volume: 10 μL.  Reaction mixtures were 
loaded onto a 384-well qPCR plate (ThermoGrid) as diagrammed in Figure 3.2.  The 
plate was sealed and run on an ABI 7900 real time PCR machine according to the 
manufacturer's instructions, using the following program: Standard curve determination, 
3 minutes at 95 ⁰C, 40 cycles of: 3 seconds at 95 ⁰C, 30 seconds at 60 ⁰C.
Table 3.1: Primers used for qPCR analysis
Chromosome I 
Fun30
Forward 
primer
5 '-AGAGAGAAACTACTGGCG
Chromosome I 
Fun30
Reverse 
primer
5 '-CTCTCTTCCTCCTCTTCATC
Chromosome 
II Pho5
Forward 
primer 
5 '-TCATGTCCTGCTTGGGACTACGAT
Chromosome 
II Pho5
Reverse 
primer
5 '- CGTCAGTTGAGGTCAAGTTCAAACCC
Chromosome 
III Bud5
Forward 
5 '-GTCAGTTGCACCGCACAATTCATC
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primer
Chromosome 
III Bud5
Reverse 
primer
5 '-AAAATAAACCGCCCCTGGACTACG
Mitochondrial 
DNA
Forward 
primer
5 '-GTAATGTAGACCGACTCAGG
Mitochondrial 
DNA
Reverse 
primer
5 '-CCGAGTTCCTTCCCTTTA
Primer for 
sequencing 
adapter 1
5 '-
AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACA
GTCCGA
Primer for 
sequencing 
adapter 2
5 '-CAAGCAGAAGACGGCATACGA
3.4 Results - library preparation
Described in this chapter are the results of the steps required for preparation of a 
sequencing library that will map hydroxyl radical damage in S. cerevisiae genomic DNA 
in vivo.   The goal of these experiments was to determine whether the proposed protocol 
would produce libraries of sufficient yield and purity to be suitable for Illumina high-
throughput sequencing.  Of key interest in these experiments was the development of a 
method to limit the amount of contaminating signal in control (non-irradiated) libraries.
3.4.1 Determining the proper radiation dosage, and confirmation of the quality of 
extracted genomic DNA
To produce hydroxyl radical footprints of DNA-protein interactions in vivo for S.  
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cerevisiae genomic DNA, yeast cells were subjected to ionizing radiation.  Ionizing 
radiation generates hydroxyl radicals from water molecules within the cell (Riley 1994). 
These hydroxyl radicals then abstract hydrogen atoms from the DNA backbone, resulting 
in single-strand breaks.  Which hydrogens are abstracted is largely dependent on solvent 
accessibility along the DNA molecule.  Segments of the DNA that are interacting with 
protein are protected from reaction with the hydroxyl radical.  By comparing regions of 
protected vs. unprotected DNA, one can determine locations where proteins bind to 
genomic DNA.  
One key requirement for accurate hydroxyl radical footprints is that the extent of 
hydrogen abstraction from a DNA molecule must be limited to at most one per DNA 
molecule.  It was determined statistically that to achieve this level of hydrogen 
abstraction, approximately 30% of the total amount of DNA should be cleaved by the 
hydroxyl radical (Tsen et. al., 2004).  
The requirements are less stringent for in vivo hydroxyl radical damage to 
genome-sized DNA.  Experiments using human cells exposed to ionizing radiation have 
shown that at the point at which double-strand breaks occur, the majority (80%) of total 
DNA damage is not DSBs, but instead consists of abasic sites, oxidized bases and single-
strand breaks (Sutherland et al., 2000).  Calibrating the amount of hydroxyl radical 
abstraction such that chromosomal integrity is maintained, and DSBs are limited, ensures 
that the majority of hydroxyl radical-induced damage results in SSBs.  At high levels of 
ionizing radiation chromosomal bands disappear (as visualized by PFGE), because as 
radiation dosage increases, more double-strand breaks occur (Pötter et al., 2001).  To 
limit the amount of DNA damage that occurs during exposure to ionizing radiation, an 
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experiment was performed to determine the optimum radiation dose.
Shown in Figure 3.3 are the results of this experiement.  As radiation dosage 
increases, damage to the DNA increases to the point of production of double-strand 
breaks.  This is apparent in the disappearance of chromosomal bands as compared to 
control (non-irradiated) samples.  Little chromosomal damage occurs prior to a radiation 
dose of 100 Gray.  Dosages higher than 100 Gray start to break down the chromosomes 
until, at 400 Gray, high molecular weight chromosomes (XII, IV, VII, and XV) show 
considerable degradation.  From this experiement a radiation dosage of 200 Gray was 
chosen for library preparations.  At this dosage, little chromosomal degradation occurs 
due to DSBs, but enough SSBs are induced to provide an appropriate signal.  
Also of note is the lack of DNA repair occurring in the samples corresponding to 
higher radiation dosages.  One concern when generating these hydroxyl radical damage 
samples was that DNA repair would occur during transport and/or DNA isolation. 
Previous work has shown that S. cerevisiae is able to repair extensive chromosome 
damage in times as brief as 2 hours (Westmoreland et al., 2009).  Repair of hydroxyl 
radical-generated damage to genomic DNA would decrease the footprint signal and 
potentially bias results due to localized DNA repair hotspots.  It is clear by the abundance 
of double strand breaks at higher radiation dosages that the majority of DNA damage 
remains without extensive repair occurring.  This data indicates that the process of flash 
freezing prior to transport and DNA isolation keeps the DNA as close to the post-
irradiation condition as possible.            
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3.4.2 S1 nuclease titration
A titration of different S1 nuclease activities was performed for both control (non-
irradiated) and 200 Gray-irradiated yeast genomic DNA.  The goal of these experiments 
was to determine the appropriate activity of S1 nuclease required to produce double-
strand breaks at sites of hydroxyl radical-induced damage in irradiated samples without 
significant DNA degradation occurring in control samples.  The experiment was analyzed 
using both PFGE and conventional agarose gel electrophoresis.
Shown in Figure 3.4 are the results of PFGE analysis of S1 nuclease titrations of 
both control and 200 Gray-irradiated yeast genomic DNA.  Double-strand breaks caused 
by either specific cleavages adjacent to hydroxyl radical damage sites or non-specific 
degradation are observed as a decrease in the intensities of chromosomal bands, 
accompanied by an increase in intensity in inter-chromosomal regions.  In control 
samples, breakdown of chromosomes was resistant until 0.2 units of S1, where some 
smearing is seen lower than 0.3 Mbp.  As these samples are largely free of DNA damage, 
the breakdown of chromosomes at these S1 nuclease concentrations is likely the result of 
non-specific DNA degradation by the enzyme.  In irradiated samples, the intensities of 
chromosomal bands decreases, and inter-chromosomal smearing increases, at a much 
lower S1 activity, 0.01 units.  In control samples treated with 0.01 units of S1 nuclease, 
genomic DNA remains largely intact (relative to 0 units of S1 nuclease).  This indicates 
that for 0.01 units of S1 nuclease, DSBs in chromosomes in irradiated DNA are the result 
of cleavage at hydroxyl radical damage sites, and are not due to DNA degradation.
Cleavages caused by S1 nuclease will also generate some relatively small (2-10 
kbp) fragments that are better visualized by conventional agarose gel electrophoresis.  
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Shown in Figure 3.5 are the results of conventional agarose gel electrophoretic analysis 
of an S1 nuclease titration of non-irradiated and 200 Gray-irradiated yeast genomic DNA. 
Ideally, control samples would show little to no DNA products using conventional 
agarose gel electrophoresis, as chromosomes would remain intact and therefore be too 
large to be resolved.  The results seen in Figure 3.5 confirm the result of the PFGE 
analysis (see Figure 3.4).  Activities of S1 nuclease greater than 0.01 units result in DNA 
degradation of control samples, as seen by smearing between major DNA bands.  The S1 
nuclease titration of 200 Gray-irradiated samples, analyzed by conventional agarose gel 
electrophoresis, displays increasing amounts of relatively small products at an S1 
nuclease activity of 0.01 units (lane 9), confirming the results of PFGE analysis (Figure 
3.4).  The overall smearing is subtle due to the large size of the DNA.  The majority of 
the cuts to yeast genomic DNA will yield fragments which are too large to leave the 
aggregate band.  Smearing below the aggregate band are DNAs that have been cut 
frequently enough to make them 10 kbps or less.
Based on these results, it was determined that the appropriate activity of S1 
nuclease for use in generating double-strand breaks at sites of hydroxyl radical damage 
was 0.01 units.  At this activity, substantial amounts of products are observed in 200 
Gray-irradiated genomic DNA samples, while little non-specific DNA damage is 
observed in non-irradiated samples.    
3.4.3 Ligation of sequencing adapter 1
In order to observe ligation of the first sequencing adapter to S1 nuclease-treated 
control (non-irradiated) and irradiated yeast genomic DNA, an assay was performed  
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using a radioactively labeled adapter.  Prior to ligation, a radioactive label was added to 
sequencing adapter 1.  This radioactive probe allows direct observation of successfully 
ligated yeast genomic DNA using PFGE.
Shown in Figure 3.6 are the results of the ligation assay using radioactively-
labeled sequencing adapter 1.  The first point to note is the presence of ligation products 
following S1 nuclease treatment only in lanes corresponding to yeast genomic DNA that 
had been damaged by hydroxyl radicals (lanes 3, 5, and 7).  Lanes corresponding to 
control (non-irradiated) genomic DNA show virtually no ligation products (lanes 2, 4, 
and 6).  This finding is critical to the success of the library construction protocol, as 
selective ligation of sequencing adapter 1 is key to high-resolution mapping of hydroxyl 
radical damage sites.  The signal in the non-irradiated lanes is an indication of the amount 
of background noise that would be present in the final sequencing libraries.  
As a reference, the ligation assay was also performed using T7 endonuclease I 
instead of S1 nuclease to treat non-irradiated and irradiated yeast genomic DNA (lanes 8 
and 9).  Libraries have been sequenced in which T7 endonuclease I was used for library 
construction.  These sequenced libraries exhibited considerable contamination of non-
specific signal in control samples.  As seen in the ligation assay in Figure 3.6, both the 
control and irradiated samples that had been treated with T7 endonuclease I show a very 
similar radioactive signal.  This means that sequencing adapter 1 ligates to a similar 
extent to non-irradiated and irradiated samples, which likely is the result of non-specific 
cleavage of genomic DNA by T7 endonuclease I.   This result is reproducible and 
consistent with preliminary sequencing data for libraries made using T7 endonuclease I 
(not shown).  The products of sequencing adapter 1 ligation seen in the control sample 
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are the cause of the background signal seen in the previous library.  It is clear from the 
experiment shown in Figure 3.6 that using S1 nuclease leads to a marked elimination of 
non-specific ligations in non-irradiated yeast DNA.  
Also of note is the amount of products observed for the S1 nuclease-treated 
irradiated DNA samples.  As demonstrated in Chapter 2, only double-strand breaks that 
contain a single base 3' overhang at the ligation locus will ligate to sequencing adapter 1. 
This means that only approximately 50% of the products of S1 nuclease cleavage will 
successfully ligate.  There was concern about whether enough hydroxyl radical damage 
sites would the tagged by sequencing adapter 1 to generate successful libraries when 
using S1 nuclease to produce double-strand breaks.  As seen in Figure 3.6, a substantial 
amount of ligation products is observed in the lane corresponding to the optimized S1 
nuclease concentration, 0.01 units (lane 5).   While a higher S1 nuclease concentration, 
0.1 units, yields more products with very little contamination in the non-irradiated 
samples (lanes 6 and 7), it was decided that the more conservative S1 nuclease activity, 
0.01 units, provided sufficient products for library preparation.   
3.4.4 DNA fragmentation and size selection
The Illumina sequencing platform is designed for the analysis of DNA fragments 
that span a length range of 200-600 base pairs.  This means that genomic DNA samples 
must be fragmented during the library preparation process.  This is generally achieved 
through use of technology designed by Covaris, which fragments DNA using ultra-
sonication.  Because we lacked easy access to this technology, it was necessary to find an 
alternate means of DNA fragmentation.  DNA fragmentation was instead performed using 
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dsDNA fragmentase (New England Biolabs).  
Conditions for the fragmentation of yeast genomic DNA were not available from 
the manufacturer, so in order to use this enzyme cocktail for library preparation reaction, 
optimization was required.  Shown in Figure 3.7 are the results of one such optimization 
experiment.  For this experiment, the amount of enzyme was kept constant (1 μL 
enzyme:1 μg DNA), while the reaction time was varied.  For irradiated samples, reaction 
with dsDNA fragmentase for 45 minutes produces a majority of products in the 200-600 
base pair region (lane 5).  Treatment with dsDNA fragmentase for 1 hour (lane 6) results 
in over-degradation of genomic DNA as observed by the decrease in intensity within the 
200-600 base pair region.  Of note is the difference in both pattern and intensity 
following dsDNA fragmentase between control and irradiated samples (lanes 3 and 4). 
Experiments with dsDNA fragmentase consistently demonstrate a lower amount of 
fragmentation in non-irradiated samples.  The reasons for this have not been fully 
investigated at this time.  To adjust for this inconsistency, the concentration of 200-600 
base-pair DNA extracted following dsDNA fragmentase reactions is determined, and an 
equal amount of DNA from each sample is used for subsequent steps of library 
preparation.       
3.4.5 Library amplification
DNA samples that have been fragmented, tethered to streptavidin magnetic beads, 
repaired, A- tailed, and ligated to sequencing adapter 2 are PCR-amplified using Phusion 
polymerase.  While the steps occurring between DNA fragmentation and amplification 
cannot be directly observed, only DNA that has been successfully isolated, repaired and 
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ligated to adapter 2 will yield products when subjected to PCR.  The resulting PCR-
amplified library is analyzed using a Bioanalyzer.  Library quality is assessed based on 
the amount of DNA produced and the size range of the DNA products.
Shown in Figure 3.8 are electropherograms of PCR-amplified libraries generated 
from non-irradiated and 200 Gray-irradiated yeast genomic DNA.  There is a clear signal 
in the 200-600 base pair range for 200 Gray-irradiated yeast genomic DNA.  Library 
preparations of samples that have not been exposed to ionizing radiation show virtually 
no signal.  This indicates that the library preparation protocol eliminates the majority of 
the unwanted background noise, resulting from non-specific DNA cleavage in control 
samples that was observed in previous library preparations using T7 endonuclease I.   
To enable accurate Illumina sequencing, libraries must have a DNA concentration 
of at least 10 nM.  Concentrations of amplified libraries were determined using the 
Bioanalzyer software.  Within the 200-600 base pair region, a library constructed from 
200 Gray-irradiated yeast was determined to be 48 nM in concentration.  Control (non-
irradiated) libraries were of such low signal that the concentration could not be 
determined using this method.  Libraries generated from 200 Gray-irradiated samples 
therefore have a DNA concentration that is more than adequate to perform the remaining 
purifications and quality control experiments necessary, while still providing enough 
sample for sequencing.  
Further purification of the libraries is required due to the presence of a PCR-
amplified product 60 base pairs in length  The identity of this product is not known, but it 
is consistently present and thought to be the result of non-specific ligations involving the 
sequencing adapters.  Since these products are amplified using the Illumina sequencing 
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Figure 3.8: Electropherograms generated using a Bioanalyzer for library amplification of 
0 Gy (bottom) and 200 Gy-irradiated (top) yeast genomic DNA.  Library samples are 
located in the 200-600 bp range. Large peaks located at 50 bp and 10380 bp correspond to 
Bioanalyzer internal standards.  The peak located at ~60 bp is sample contamination that 
must be removed prior to library processing.
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primers, it is very likely that the presence of these products would compete with genuine 
samples when sequenced using the Illumina platform.  It is therefore necessary to remove 
these products prior to Illumina sequencing of the library.
3.5.6 Library purification
PCR-amplified libraries were purified by size selection using agarose gel 
electrophoresis.  A segment of the gel corresponding to 200-600 base pair long DNA was 
excised from the gel and the DNA was extracted.  Following extraction, the resulting 
purified library was analyzed using a Bioanalyzer.  
Figure 3.9 shows the results of library purification performed for the samples 
shown in Figure 3.8.  As can be seen in the electropherograms, the non-specific band 
located at 60 base pairs is successfully removed using this protocol.  While this 
purification procedure does result in a decrease in DNA concentration to 28 nM, the 
amount remaining after purification is still well within the range needed for quality 
control analysis, while still retaining enough for sequencing.
3.5.7 Analysis of library quality - quantitative PCR
To assess library quality, qPCR was used to determine the amount of products 
generated in a non-irradiated library relative to a 200 Gray-irradiated library.  This 
procedure was performed using primers specific to the Illumina sequencing adapters, to a 
few gene regions in various chromosomes, and to yeast mitochondrial DNA.  Irradiated 
libraries underwent serial dilution to establish a standard curve.  Signals generated from 
the non-irradiated libraries were then compared to this standard curve to determine  
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Figure 3.9: Electropherograms generated using a Bioanalyzer for library amplification 
of 0 Gy (bottom) and 200 Gy-irradiated (top) genomic DNA.  Library samples are 
located in the 200-600 bp range. Large peaks located at 50 bp and 10380 bp correspond 
to Bioanalyzer internal standards.  
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relative concentrations.  Each qPCR experiment was performed in duplicate to ensure 
consistency, and only standard curves that had slopes within a range of -3.58—3.10, 
which is recommended for concentration determination, were analyzed.  
Shown in Figure 3.10 are the results of qPCR experiments to assess library quality 
using a variety of primers.  Of particular importance is the observation that when using 
primers specific to the Illumina sequencing adapters, the amount of signal in the non-
irradiated sample is less than 20% relative to the signal for 200 Gray-irradiated DNA. 
This is a marked improvement over previous library samples generated using T7 
endonuclease I, which showed at least a 50% signal in the control relative to irradiated 
samples.  This result, less than 20% background, is much less than has been reported 
using DNase-seq, ChIP-seq, FAIRE-seq and MNase-seq (Rashid et al., 2011). 
Also of note is the distribution of percentage concentrations found when using 
primers for various gene regions within the yeast genome.  The locations tested were 
those of  the pho5, fun30, and bud5 genes, which are found on chromosomes II (~800 
kbp), I (~225 kbp) and III (~320 kbp), respectively (see Table 3.1).  It was anticipated 
that in larger chromosomes, a greater amount of sample in control DNA libraries would 
be seen due to mechanical damage caused by the library preparation process.  This was 
not observed, however, as signal generated using primers for fun30 (from the ~225 kbp 
long chromosome I) was greater than that found for pho5 (from the ~800 kbp 
chromosome II).  This indicates that the method for library preparation is gentle enough 
to prevent a bias toward tags from larger chromosomes that is caused by unintentional 
mechanical shearing. 
Analysis of qPCR results for experiments performed using primers specific for 
110
111
yeast mitochondrial DNA show a relative concentration of 3% contamination in control 
samples.  This indicates that the footprints generated by Illumina sequencing that map to 
yeast mitochondrial DNA are predominately the result of hydroxyl radical damage. 
While not of direct interest in this study, there is extensive research currently being done 
to investigate the role of reactive oxygen species in aging due to mitochondrial 
degradation (Loeb et al., 2005). It is thought that a large factor in aging is the decrease in 
mitochondrial efficiency due to mitochondrial DNA mutations caused by reactive oxygen 
species.  The method developed here for mapping hydroxyl radical damage may be 
helpful in future studies of  mitochondrial damage by reactive oxygen species. 
   
3.6 Discussion 
One primary concern with in vivo hydroxyl radical footprinting is the dynamic 
response of biologically-active cells to oxidative damage.  In order to produce accurate 
maps of DNA-protein interactions in a native cell environment, it is necessary to limit the 
ROS damage response.  It has been shown in experiments with yeast mutant cell lines 
that genomic rearrangements and changes in gene expression patterns can be observed as 
rapidly as 1 minute following exposure to ROS (Weiner et al., 2012).  Our method 
requires that S. cerevisiae cells be irradiated for approximately 1.5 minutes to achieve a 
200 Gy radiation dose.  The effects of these dynamic processes on the hydroxyl radical 
mapping technique can only be determined following sequencing.  Efforts have been 
made to limit these processes through control of temperature during irradiation. 
Comparison of future sequencing data with existing data sets (ChIP-seq, DNase-seq, etc.) 
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detailing specific locations of DNA-protein interactions in S. cerevisiae will determine 
the extent of bias caused by the ROS response.  Current data indicate that there is 
minimal repair occurring in cells during the irradiation process. A lack of repair is 
consistant with the static nature of chromosomal bands visualized by PFGE following 
irradiation (Figure 3.3), as well as with the robust signal of libraries generated from 200 
Gy-irradiated samples as compared to control DNA.  
Another potential source of error in this method is mechanical shearing of 
genomic DNA during the course of the experiment.  While the ROS repair response could 
potentially result in a decrease in signal intensity, mechanical damage would potentially 
result in an increase in signal intensity for both control and irradiated samples. 
Mechanical damage is common in handling large DNA molecules, such as those found in 
the yeast genome.  This damage generally gives rise to SSBs and DSBs.  Mapping 
genome-wide oxidative damage requires that the primary source of strand breaks is the 
result of hydroxyl radicals, and not due to sample mishandling.  As a protective measure, 
yeast genomic DNA was embedded in agarose plugs prior to cell lysis.  This is a 
commonly used technique when handling large DNAs.  Numerous enzymatic treatments 
can be performed on agarose-embeded DNA, including restriction enzyme digestion, 
polymerase repair, and, in our case, S1 nuclease cleavage to generate DSBs at locations 
of DNA damage.  Unfortunately, due to the nature of the agarose plug, ligation is very 
inefficient.  This is thought to be due to the low degree of diffusion of both the ligase and 
adapter to the target DNA.  While successful ligations have been performed in agarose 
plugs, they require that both ligating DNAs are present within the agarose at the moment 
of plug formation, or that ligation is performed in a molten agarose plug.  Neither of these 
113
methods is appropriate for our use, as S1 nuclease would cause blunting of the single-
nucleotide overhang adapters, and melting would destabilize the adapters, resulting in 
fraying of the ligating ends.  
For these reasons, it was necessary to remove the genomic DNA from the agarose 
plugs prior to ligation.  Extreme care was taken to ensure that no exogenous mechanical 
breakage occurred.  This effort was aided by the pseudo sticky-end ligation protocol used 
for ligation of adapter 1.  Mechanical damage that occurred could potentially yield 
broken DNA ends able to ligate to sequencing adapters, but only if the ends had the 
specific 3' nucleotide overhang required for ligation to the 3' overhang adapters.  This is 
uncommon in mechanically sheared DNA, which generally must be enzymatically treated 
to render it capable of ligation.  Care in sample handling, as well as the strict ligation 
requirements, resulted in very little non-specific ligation due to mechanical damage.  This 
was observed as a lack of ligation products occurring in control samples following 
ligation (Figure 3.6), as well as the absence of signal intensity observed in the completed 
control sequencing libraries (Figure 3.10).  
This use of pseudo sticky-end ligation is also key to the prevention of library 
sample bias caused by  cleavage specificity of S1 nuclease.  While S1 nuclease was 
shown in Chapter 2 to be very selective in generating DSBs only at sites of gaps or nicks, 
the model DNA constructs used for those experiments were highly controlled.  In an in  
vivo environment, there are many locations where genomic DNA contains single-stranded 
or nicked regions.  While S1 nuclease likely cleaves these regions, the products resulting 
from these cleavages are prevented from ligating due to the nature of the direct ligation 
protocol.  According to the analysis performed in Chapter 2, DNA fragments resulting 
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from S1 nuclease cleavage of either single-stranded regions  (data not shown) or nicked 
DNA (Figure 2.9) were found to be blunt-ended or 3' recessed.  These fragments are 
unable to ligate to the sequencing adapters due to the lack of a 3' overhang.  While 
traditional library preparation protocols require an end-repair step prior to ligation to 
produce the 3' overhang needed for adapter ligation, this overhang occurs naturally as the 
result of S1 nuclease cleavage of gapped DNA.  Elimination of the conventional repair 
steps greatly reduced undesired non-specific ligations, and thus the amount of signal 
observed in control samples, as compared to samples generated using T7 endonuclease I 
and conventional DNA repair protocols (Figure 3.6).  
While direct ligation following S1 nuclease cleavage is beneficial in limiting the 
need for DNA repair steps that cause downstream background contamination, the lack of 
DNA repair steps alters the type of sequencing adapters that must be used.  The cleavage 
of gapped DNA by S1 nuclease results in the presence of a non-uniform single nucleotide 
3' overhang.  The standard DNA repair protocol prior to ligation of the first sequencing 
adapter involves A-tailing the DNA fragment of interest.  The adapter being ligated has a 
3' thymine overhang to base pair to the A-tailed template DNA.  Elimination of these 
repair steps means that the 3' overhang resulting from S1 nuclease cleavage of gapped 
DNA could be any of the four canonical DNA bases.  To ligate to these fragments, 
adapters were designed to contain a 3' N overhang (equal parts A, T, C and G).  
One benefit to having an adapter with a single base overhang is that self-ligation 
of adapters is prevented.  Without this restriction, adapter-adapter dimers become a major 
product of the ligation reaction.  Adapter-dimer products, which contain the primer 
sequence used in sequencing runs, compete with genomic DNA samples when 
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sequenced.  For accurate identification of true libraries, adapter-dimers must be removed 
from the samples prior to sequencing.  This is facilitated by size selection following 
library amplification.   True libraries are selected by isolating DNA in the 200-600 base-
pair range.  Adapter-adapter dimers, on the other hand, are much shorter (~60 bp) and so 
are removed by size selection (see Figures 3.8 and 3.9).  While size selection following 
library amplification results in considerably lower yields of DNA compared to the 
original library, the sample is much purer compared to other library preparation methods 
that do not require this final purification step.  
The quality of a library sample is based on qPCR analysis of the final purified 
product.  Libraries are analyzed using primers specific to Illumina sequencing, and 
primers for a few different genes throughout the genome.  Testing different genes 
throughout the genome gives an indication of  biases that may be present in the library 
preparation process.  As all signal in the control (non-irradiated) sample should be the 
result of non-specific and/or random damage, the protocol should produce a sample with 
identical relative amounts of products for the various genes.  The results of this analysis 
were relatively consistent for various genes and sequencing primers for control libraries. 
Quantitative PCR indicated that approximately 20% of the total signal can be attributed 
to background.  This is well below current methods  for mapping DNA-protein 
interactions using sequencing technology.  These methods (DNase-seq, FAIRE-seq and 
ChIP-seq)  have as low as 1-10% of the total signal constituting the enriched regions 
(Rashid et. al., 2011).  In context, libraries produced here for the mapping of in vivo 
hydroxyl radical damage to genomic DNA produce data with 80% enrichment, according 
to qPCR experiments. 
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3.7 Troubleshooting library preparation
The are some key areas that will result in improperly prepared library samples.  First 
is the amount of radiation that has been applied to the samples prior the library 
preparation.  Samples that have not been damaged enough will produce libraries that have 
a signal in the 200-600 base  pair region, but the yield is very low (Figure 3.11, top 
panel).  As mentioned previously, the dosage of radiation that much be delivered to a 
sample is highly variable between different radiation sources, and radiation dosages must 
be carefully calibrated to ensure enough single-strand breaks to deliver an adequate 
signal.
Another potential source of error is improper shearing of genomic DNA with dsDNA 
fragmentase.  This reaction is sensitive to the amount of input DNA and must be carefully 
controlled to ensure fragments are within the 200-600 base pair range.  As seen in Figure 
3.11 (bottom panel), libraries which are not properly sheared will have a skewed product 
distribution.  This is a problem because when over-sheared, the bulk of the sample is 
below 300 base pairs.  Size selection removes anything below 200 base pairs, thus 
removing the majority of the sample, and potentially biasing the sample library.
3.8 Conclusion 
Detailed in Chapter 3 is the development of a method for mapping in vivo 
hydroxyl radical footprints of DNA and DNA-protein complexes on a genome-wide 
scale.  The protocol takes advantage of the ability of S1 nuclease to selectively cleave 
hydroxyl radical-damaged DNA, producing DNA ends that can be directly ligated to 
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Illumina sequencing adapters.  Libraries with high yields and low background were 
produced.  This method of mapping DNA and DNA-protein complexes, using a chemical 
probe without sequence or size bias, has the potential to provide detailed maps at single-
nucleotide resolution throughout a genome in a single experiment, surpassing current 
DNA-protein mapping techniques.
3.9 Future applications
Chapter 3 describes the development of a technique for genome-wide mapping of 
hydroxyl radical footprints in S. cerevisiae.  S. cerevisiae was chosen as a model 
organism for method development due to its small and well-studied genome.  Adaptation 
of this standard protocol should make it possible to use hydroxyl radical mapping in more 
complex organisms, such as C. elegans, D. melangaster, and H. sapiens.  The majority of 
the work-flow would remain unchanged, with the primary alterations occurring in the 
initial DNA isolation procedures.   
A common area of study involves cellular responses to environmental stresses. 
One area of interest is the role of nutrient deprivation in increasing cellular lifespan. 
Hydroxyl radical footprinting techniques have the potential to provide considerable 
insight into such studies.  Prior to irradiation (hydroxyl radical generation) the cellular 
environment can be subjected to any type of cellular stress.  By comparison of DNA-
protein interactions in different cellular environments, one can determine how protein 
rearrangements and gene expression contribute to stress response.  
Further development of this method should aim at expanding the type of hydroxyl 
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radical damage that can be mapped.  Currently, the method is designed for capture and 
analysis of hydroxyl radical cleavage events that result in a gapped DNA site flanked by 
two phosphate groups.  A major product that arises from hydroxyl radical cleavage is a 
nicked DNA structure containing a 5' aldehyde and a 3' hydroxyl group.  Initial 
abstraction of different hydrogens from the deoxyribose by hydroxyl radicals gives rise to 
these two distinct products.  Attempts are being made to selectively map each of these 
products.  This development would increase the resolution of the method from single-
nucleotide to atomic scale, a level of detail currently unavailable using modern DNA-
protein mapping techniques.
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